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PEEFACE 



In offering this little book to the reader iaterested in 
Bridgework, the author desires to express his acknowledg- 
ments to the proprietors of " Engineering," in which journal 
the papers first appeared, for their courtesy in facilitating 
the production in book form. 

It may possibly happen that the scanning of these pages 
will induce others to observe and collect information ex- 
tending our knowledge of this subject — information which, 
whUe familiar to maintenance engineers of experience, has 
not been so readily available as is desirable. 

No theory which fails to stand the test of practical 
working can maintain its claims to regard ; the study of 
the behaviour of old work has, therefore, a high educational 
value, and tends to the occasional correction of views which 
might otherwise be complacently retained. 

60 WrNSHAM Stbbet, 

Olapham Common, London, S.W. 

Octobm; 1906. 
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CHAPTER I. 

INTBODTTCTION. 

No book has, so far as the author is aware, been written 
upon that aspect of bridgework to be treated in the following 
pages. No excuse need, therefore, be given for adding to 
the already large amount of published matter dealing with 
bridges. Indeed, as it too often happens that the designing 
of such constructions, and their after-maintenance, are in 
this country entirely separated, it cannot but be useful to 
give such results of the behaviour of bridges, whether new 
or old, as have come under observation. 

In the early days of metallic bridges there was of neces- 
sity no experience available to guide the engineer in his 
endeavour to avoid objectionable features in design, and he 
was, as a result, compelled to rely upon his own foresight 
and judgment in any attempt to anticipate the effects of 
those influences to which his work might later be subject. 
How heavily handicapped he must have been under these 
conditions is evident from the mass of information since 
acquired by the experimental study of the behaviour of 
metals under stress, and the growth of the literature of 
bridgework during the last forty years. That many mistakes 
were made is little occasion for surprise ; rather is it a cause 
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2 THE ANATOMY OF BRIDGEWORK. 

for admiration that some very fine bridges, still in use, were 
the product of that time. Much may be learned from the 
study of defects and failures, even though they be of such a 
character that no experienced designer would now furnish 
like examples. 

Modern instances may, none the less, be found, with 
faults repeated, which should long since have disappeared 
from all bridgework, and are only to be accounted for by 
the unnatural divorce of design and maintenance already 
referred to. As the reader proceeds, it may appear that 
details are occasionally touched upon of a character altogether 
too crude and objectionable to need comment; but the 
consideration of these cases is none the less interesting, and, 
so far as the author's observation goes, not altogether un- 
necessary. 

Most of the instances cited are of bridges, or parts of 
bridges, of quite small dimensions ; but it is these which 
most commonly give trouble, both because the effects of im- 
pact are in such cases most severely felt, and possibly because 
the smaller class of bridges is very generally designed by men 
of less experience, than large and imposing structures. 

The particulars given relate in aU cases to bridges of 
wrought iron, unless otherwise described. 

An endeavour has been made to secure some kind of 
order in dealing with the subject, but it has been found 
difficult to avoid a somewhat disjointed treatment, inse- 
parable, perhaps, from the nature of the matter. Finally, 
the reader may be assured that every case quoted has come 
under the writer's personal notice. 

Girder Bearings. 

In girder-work generally, and more particularly in plate- 
girders, considerable latitude obtains in the amount of bear- 
ing allowed. Clearly, the surface over which the pressure 
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is distributed should be sufficiently ample to avoid over- 
loading and possible crushing or fracture of bedstones where 
these exist ; but if no knuckles are introduced, this is an 
extremely difficult matter to insure. A long bearing may 
deUver the load at the extreme end of the surface on which 
it rests, or, more probably, near the face. 

If the girder is made with truly level bearings, and the 
beds set level, it wUl certainly, when under load, throw an 
extreme pressure upon that part of the bearing surface 
immediately under the forward edge of the bearing-plate. 
These considerations probably account for bedstones fre- 
quently cracking, in addition to which possibility there is 
the disadvantage that the designer does not know where the 
girder wiU rest, and cannot truly define the span. The 
variation of flange-stress due to this cause may, in a girder 
of ordinary proportions, having bearings equal in length to 
the girder's depth, be as much as 15 per cent, above or 
below that intended. 

If great care be taken in setting beds, ia the first instance, 
to dip toward the centre of the span an amount depending 
upon the anticipated girder defiection, it may be possible to 
insure that when under ftiU load the girder bearing shall 
rest equally upon its seat ; but this is evidently a difficult 
condition to obtain practically, is good only for one degree of 
loading, and may at any time be nullified by a disturbance 
of the supports, as, for instance, the very common occurrence 
of a sHght leaning forward of abutment walls. 

Double or treble thicknesses of hair-felt are sometimes 
placed beneath girder bearings, with the object of securing 
a better distribution of pressure, no doubt with advantage ; 
but this practice, though it may be quite satisfactory as 
applied to girders carrying an unchangeable load, hardly 
meets the case for loads which are variable. Notwithstand- 
ing the faulty nature of the plain bearing ordinarily used 
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4 THE ANATOMY OF BRIDGEWORK. 

for girders of moderate span, its extreme simplicity commends 
it to most engineers. It must be admitted that no serious 
inconvenience need be anticipated in the majority of cases, 
particularly if the bearings are limited in length, do not 
approach nearer than 3 inches to the face of bedstones, and 
are furnished with hair-felt or similar packing. 

Whether with long or short bearings, the forward edge 
should be at right angles to the girder's length. In skew 
bridges it is sometimes seen that this edge follows the angle 
of skew. The effect on the girder is to twist it, as will be 
clear from a little consideration. In evidence of this the 




Fig. 1. 

case may be quoted of a lattice girder of 95 feet effective 
span and 7 feet deep, which, resting on a skew abutment 
right up to the masonry face at a rather bad angle (about 
15 degrees), was, after twenty years, found canted over at 
the top to the extent of 4 inches, with the further result of 
springing a joint in the top flange at about the middle of 
the girder, causing some rivets to loosen. The bedstone 
was also very badly broken at the face, and had to be 
replaced in the course of repairs (Fig. 1). This girder had, 
in addition to the canting from the upright position at its 
end, and the distortion of the top flange, a curvature in the 
same direction, though less in amount, at the bottom— an 
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effect very common in the main girders of skew bridges, and 
possibly accounted for in part by a tendency of the girder 
end to creep along the abutment away from the point at 
which it bears hardest, under frequent applications and 
removals of the live load, and accompanying deflections. 

This tendency to travel may be aggravated in bridges 
carrying a ballasted road, in which there may be a consider- 
able thickness of ballast near the bearings, by the compact- 
ing and spreading of this material taking effect upon the 
girder end, tending to push it outwards, being tied only by 
a few light cross-girders badly placed for useful effect. 







Pig. 2. 



The movement may be prevented in new work for moderate 
angles of skew by carrying the end cross-girders well back, 
and securing them iif some efficient manner ; or by the 
introduction of a diagonal tie following the skew face, and 
attached to cross and main girder flanges (Fig. 2) — a method 
which may be applied to existing work also. 

For such a case as that cited it is imperative that ballast 
pressure at the girder end should be altogether eliminated. 

The fixing of girder ends by bolts — a practice at one 
time usual — hardly calls for remark, as it is now seldom 
resorted to unless for special reasons ; but it may be well to 
point out the weakening effect of holes for any purpose in 
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bedstones. Bed-plates commonly need no fixing ; the weight 
carried keeps them in position, or if, in the case of very 
light girders upon separate plates, it is considered well to 
secure these from shifting, it may best be done by letting 
the plate in bodily a small amount, or by means of a very 
shallow feather sunk into a chase. 

As an improvement upon the plain bearing usually 
adopted, it is an easy matter so to design girder-ends as to 
deliver the load by a narrow strip of bearing-plate carried 
across^the bottom flange, distributing the pressure upon the 
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stone, if there be one, by means of a simple rectangukr plate 
of sufficient stoutness (Fig. 3). An imperfect knuckle will 
by this means result, with freedom to slide, and the girder 
span be defined within narrow limits. A true knuckle is, of 
course, the best means of securing imposition of the load 
always in the same place ; but this by itself is not sufficient 
where the girder is of a length to make temperature and 
stress variations important, in which case rollers, or freedom 
to sUde, become necessary. Bridges exist in which roUer- 
bearings have been adopted without the knuckle, or its 
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equivalent, but this is wholly indefensible, as it is obvious 
that the forward roUer will in all probability take the whole 
load, and cannot be expected to keep its shape and roll freely 
under this mal-treatment. It is sometimes asserted that 
roUers are never effective after some years' use ; that they 
become clogged with dirt, and refuse to perform their office. 

There is no reason why rollers should not be boxed in to 
exclude dirt by a casing easily removed, some attention being 
given to them, and any possible accumulation of dirt removed 
each time the bridge is painted. 

To test the behaviour of roUers under somewhat un- 
favourable conditions for their proper action — that of the 
bearings of main roof trusses of crescent form, 190 feet span 
— the author, gome thirty years since, took occasion to make 
the necessary observations, and found evidence of a moderate 
roUer movement, though there was in this case no direct 
horizontal memberv to communicate motion. With girders 
resting upon columns, particularly if of cast iron, a roller 
and knuckle arrangement is most desirable for any but very 
small spans, as, if not adopted, the result will be a canting 
of the columns from side to side — a very small amount, it is 
true, but sufficient to throw the load upon the extreme edges 
of the base, though the knuckle alone wiU relieve the top of 
this danger. The author at one time took the trouble to 
examine, so far as it could be done superficially and without 
opening out the ground to make a complete inspection 
possible, a number of bridges crossing streets, in which 
girders rested upon and were secured to cast-iron columns 
standing in the line of kerb ; and he found cracks, either at 
the top or bottom, in about one of every four columns. 

When girders passing over columns are not continuous, 
it may be difficult to find room for a double roller and 
knuckle arrangement ; but this inconvenience may be over- 
come by carrying one girder-end whoUy across the column- 
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top, and securing the next girder-end to it in a manner 
which a little care and ingenuity will render satisfactory, 
one free bearing then serving to carry the load from both 
girders. 

Though the wisdom of using rollers is apparent in spans 
exceeding some moderate length, say 80 feet — ^as to which 
engineers do not seem quite decided — and varying with the 
conditions, it need not be overlooked that in some cases 
masonry will be sufficiently accommodating to render them 
unnecessary ; piers, if sufficiently tall and slender, will 
yield a small amount without injury, and though shorter, if 
resting upon a bottom not absolutely rigid, will rock and 
give the necessary relief ; but it is obvious, if the resistance 
to movement is sufficiently great, and the girder cannot slide 
or roll on its bearings, bedstones will probably loosen, as, 
indeed, frequently happens. 



CHAPTEE II. 

MAIN GIRDERS ; PLATE-WEBS. 

It is seldom that girders of this desra-iption — or, indeed, of 
any other — show signs of failure from mere defect of strength 
in the principal parts, even though somewhat highly stressed ; 
and instances tending to support this statement will be given 
in a later chapter. For the present, it is proposed to indicate 
peculiarities of behaviour only, generally, but not always, 
harmless. 

Though now less often done, it was at one time conmion 
practice to load plate-girders on the bottom flange by simply 
resting floor timbers, rails, troughs, or cross-girders upon 
them. In outside girders one result of this is to cause the 
top flange to take a curve in plan, convex towards the road, 
every time the live load comes upon the floor of the bridge, 
upon the passing of which the flange resumes its figure, though 
still affected by that part of the load which is constant. 

A bridge of 47 feet span, carrying two lines of way, 
having one centre aiid two outside girders, with a floor con- 
sisting of old Barlow rails, resting upon the bottom flanges, 
showed the peculiarity named in a marked degree. 

The outside girders, under dead load only, were, as to 
the top flanges (see Figs. 4 and 5), li inch and 1-^ inch 
respectively out of straight in their length, but upon the 
passing of a goods engine and train curved an additional 1^ 
inch, or 2| inches in aU, for one outside girder, and 2^ 
inches for the other. 

The centre girder, having a broader and heavier top 
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flange, curved f inch towards whichever road might be 
loaded. The effect of such horizontal 
1 flexure is clearly to induce stresses of 

* tension and compression in the flanges, 

which, being (for the top flange) com- 
pounded with the normal compressive 
stress due to load carried, results in a 
considerable want of uniformity across 
the section, 
k In the case under notice, the writer 

estimates the stresses for an outer 
girder top flange at 4* 5 tons per 
square inch compression for simple 
loading, and 5 • 5 tons per square inch 
of tension and compression, on the 
i inner and outer edges, due to flexure, 
j resulting when compounded in a stress 
' of 1 ton per square inch tension on 
the inside, and 10 tons per square inch 
compression on the outside edge. In 
this rather extreme case the stress on 
the inner edge, or that nearest the 
load, is reversed in character. 

The effect described appears to be 
not whoUy due to the twisting moment. 
It is apparent that whatever curva- 
ture may be induced by twisting alone 
must be aggravated in the compression 
flange by its being put out of line. 

The writer does not attempt here to 
apportion the two effects in any other 
way than to say that the greater part 
of the flexure appears to be due to the secondary cause. Con- 
sistent with this view of the matter is the fact that the in- 
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clination of the girder towards the rails greatly exceeded the 
calculated slope of the Barlow rail-ends when under load, 
being about five times as great. The inference is that the 
floor rails bore hard at their extreme ends, at which point of 
bearing the calculated twisting moment accounts for less 
than one-half of the flexure observed in the flanges. 

The girders upon removal in the course of reconstruc- 
tion again took the straight form, showing that the very 
frequent development of the stresses named had not sensibly 
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Fig. 5. 

injured the metal, though the bridge carried as many-as 
three hundred trains daily in each direction, and had done so 
for very many years. 

The deformation of the top flange only has been noticed, 
yet the same tendency exists in the bottom, though the actual 
amount is much less, both because the lower flanges are in 
tension, and are also in great degree confined by the fric- 
tional contact of the cross bearers, even where no proper ties 
are used. In the case dealt with the bottom flanges of 
the outer girders curved \ inch outwards only. 
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With the broad flanges commonly adopted in English 
practice, twisting of the girders, under conditions similar to 
the above, will not generally be a serious matter ; but with 
narrow flanges possessing little lateral stiffness it might be a 
source of danger. 

The twisting may be limited in amount by introducing 
a cross-frame between, ihe girders, from which they are 
stiffened ; by strutting the girders immediately from the floor 
itself, in which case they cannot cant to a greater extent 
than that which corresponds to the floor deflection ; or by 
designing the top flange to be unsynunetrical with reference 
to the web, as in Figs. 6 and 7, with the object of insuring 




Fig. 7. 



that under the joint effect of vertical loading and twisting, 
the stress in the flange shall at maximum loads be uniform 
across the section, and allow it to remain straight. This 
may be secured by making the eccentricity of the flange 
section equal to that of the loading, For instance, if the load 
be applied 3 inches away from the web centre, the flange 
should have its centre of gravity 3 inches on the other side 
of the centre line. It can be shown that this is true 
throughout the length of the girder, and irrespective of the 
depth. An instance in which flange eccentricity being in 
excess, curvature outwards resulted, will be found in a later 
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chapter on deformations, etc. It will not generally be 
necessary to make the bottom flange eccentric, as it is 
commonly tied in some way ; but if done, the eccentricity 
should be on the same side as for the top. The flanges 
remaining straight under these conditions are not subject to 
the complications of stress referred to in the case first quoted. 
The author has adopted both the last named details in bridges 
where he has been obliged to accept unfair loading of the 
kind discussed. 

It should be remarked that by the two first methods, if 
the stiffening frames are wide apart and attached direct to 
the web, there is a liability for this to tear, under distress, 
rather than keep the girder in hne. 

There is one other possible consequence of throwing load 
upon the flanges of a girder of a much more alarmitlg nature. 
In girders not very weU stiffened, it may happen that the 
frequent application of load in this manner finally so injures 
the web-plate, just above the top edge of the bottom angle- 
bars, as to cause it to rip in a horizontal direction. More 
likely is this to happen with a centre girder taking load first 
on one side, then on the other, and again on both together. 
Cases may be cited in which cracks right through the webs 
3 feet or more in length have resulted from this cause. It 
is very probable, however, that in some of these cases the 
matter was aggravated by the use of a poor iron in the webs, 
as at one time engineers, from mistaken notions of the 
extreme tenuity permissible in webs near the centre of a 
girder, would, if they could not be made thin enough, even 
encourage the use of an indifferent metal as being quite good 
enough for that part of the work. 

An instance of web-fracture from somewhat similar causes 
may be here given. 

In a bridge of 31 feet 6 inches effective span, and consist- 
ing of twin girders carrying rails between, as shown in Figs. 
8 and 9, the load resting upon the inner ledges, formed by 
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the bottom flange, induced sucli a bending and tearing action 
along the web just above the angle-bars, 
as to cause a rip in one of the girders, well 
open for some distance, and which could 
be traced for 14 feet as a continuous crack. 

It will be noticed in the figure that the 
T stiifeners occur only at the outer face of 
the web, and that the inner vertical strips 
stop short at the top edge of the angles, 
the result being that under load the flange 
would tend to twist around some point, say 
A, at each stiffener, inducing a serious stress 
in the thin web at that place, while away 
from these stiffeners the web would be 
more free to yield without tearing. The 
fact that at a number of the stiffeners 
incipient cracks were observed, some only 
a few inches long, suggests this view of 
the matter. 

A case of web-failure from other influ- 
ences coming under notice showed breaks 
at the upper part of the web extending 
downwards. 

In this bridge, of 32 feet span, which 
had been in existence thirty-two years, 
the webs — originally J inch thick — were, 
largely because of cinder baUast in contact 
with them, so badly wasted as to be gene- 
rally little thicker than a crown-piece, and 
in places were eaten through ; in addition 
to which, the road being on a sharp curve, 
the rail-balks had been strutted from the 
webs to keep them in position, the effect 
of which would be to exert a hanmiering thrust upon the 
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face of the web at the abutting ends, and assist in starting 
cracks in webs already much corroded. A feature of this case, 
tending to show that the breaks resulted as the joint effect of 
waste and ill-usage by the strut members, rather than by exces- 
sive stress in the web as reduced, is to be found in the fact that 
the girders when removed were observed to be in remarkably 
good shape — i.e. the camber, marked on the, original drawings 
to be li^ inch, still showed as a perfectly even curve of that 
rise,. which would hardly have been the case if jthe lower 
flange had been let down by web-rupture, the result of 
excessive web-stresses. 
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Occasionally webs wUl crack through the solid unwasted 
plate, in a line nearly vertical ; not where shear stress is 
greatest, but generally at some other place, and from no 
apparent cause, either of stress or ill-usage. The writer has 
observed this only in the case of small girders not exceeding 
2 feet in depth ; and, for want of any better reason, attributes 
these cracks to poor material, coupled with some latent defect. 
In a bridge having some thirty cross-girders, each 26 feet 
long, about every other one had a web cracked in this 
manner after many years' use. _ 
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Web-cracks of the kind first indicated, are perhaps, the 
most probable source of danger in plate-girders, of any which 
are likely to occur. The fault is insidious, difficult to detect 
when first developed, and perhaps not seen at all till the 
bridge, condemned for some other reason, has the girders 
freely exposed and brought into broad light. The manner 
in which old girders are sometimes partly concealed by 
timberwork, or covered by ballast, makes the detection of 
these defects an uncertain matter, unless sufficient trouble is 
occasionally taken to render inspection complete. 

The manner in which girders with wasted and fractured 
webs wiU stni hang together under heavy loading seems to 
warrant the deduction that, in designing new work, it can 
hardly be necessary to provide such a considerable amount of 
web-stiffening as is sometimes seen ; experience showing that 
defects of the web-structure do not commonly occur in the 
stiffening so frequently as in the plate, and then in the form 
of cracks. 

A case of web-buckling lies, so far, without the author's 
experience. There is no need to introduce, for web-stresses 
alone, more stiffening than that which corresponds to making 
the stifFeners do duty as vertical struts in an openwork 
girder; in which case it is sufficient to insure that the 
stiffeners occurring in a length equal to the girder's depth 
shall, as struts, be strong enough in the aggregate to take 
the whole shear force at the section considered, in no case 
exceeding this amount on one stiffener. For thin webs in 
which the free breadth is greater than one hundred and 
twenty times the thickness, the diagonal compressive stress 
may be completely ignored, and the thickness determined 
with reference to the diagonal tension stress only. 

There is one fault which frequently shows itself in 
stiffeners though not the result of web-stresses, and when 
performing an additional function — ^viz., the breaking of 
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T stiffener knees at the weld, where brought down on to the 
tops of cross-girders, due to the deflection of the floor, as 
shown in Fig. 10. When such knees are used, the angle 
may properly be fiUed in with a gusset-plate to relieve the 
weld of strain and prevent fracture. 




ms. tl_j <^_j ^ 



Fig. 10. 

There is some little temptation in practice to make use 
of the solid web as a convenient stop for ballast, or road 
material. Special means, perhaps at the cost of some little 
trouble, should be adopted, where necessary, to avoid this. 



Main Giedees ; Open Webs. 

With these, as with plate-girders, deflciency of strength 
— ^i.e. of section strength — ^is seldom so marked as to be a 
reasonable cause of anxiety. In particular instances faults 
in design may result in stresses of an abnormal amount, 
though rarely to an extent occasioning any ill effects. The 
practice of loading the bottom flanges at a distance from 

c 
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the centre, the bad effects of which have already been dealt 
with as applied to plate-girders, is not commonly resorted to 
in girders having open webs, nor are these so liable to be 
heaped with ballast in immediate proximity to essential 
members of the structure. 

Some defects are, however, occasionally seen which may 
be remarked. Top booms of an inverted U section are 
sometimes made with side webs too thin, and having the 
lower edges stiffened iasufficiently, or not at all. Where 
this is the case, the plates may be seen to have buckled out 
of truth, showing that they are unable, as thin plates, to 
sustain the compressive stress to which the rest of the boom 
is liable. The practice of putting the greater part of the 
boom section in an outer flange, characteristic of this defect, 
has the further disadvantage of throwing the centre of gravity 
of the section so near its outer edge as to make impracticable 
the best arrangement of rivets for connection of the web 
members'.-- Further, since all the variation in boom section 
is thrown into the flange-plates, the centre of gravity of the 
section has no constant position along the boom — an addi- 
tional inconvenience where correct design is aimed at. 

These considerations indicate the propriety of arranging 
the bulk, or all, of the section at the sides, thus reducing or 
getting rid of the objections named. 

Where the bottom boom consists of side plates, only one 
point demands attention. It is found that, though nominally 
in tension, the end bays are liable occasionally to buckle, as 
though under compressive stress, and need stiffening, not 
excepting girders which at one end are mounted on rollers. 
This might seem to indicate that the rollers are of no use ; 
but it is conceivable the resistance arises from other causes, 
such as wind forces, or as in the case of a bridge carrying a 
railway, in which the rigidity of the permanent-way may be 
such that the bridge-structure, in extending towards the 
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roller end, cannot move it sufficiently, causing a reversal of 
stress on the lighter portions of the bottom boom at the 
knuckle end ; or by the exposed girder booms becoming 
very sensibly hotter than the bridge floor, and by expanding 
at a greasier rate, cause this eifect, from which rollers cannot 
protect them. 

In counterbracing consisting of flat bars it is desirable 
either to secure these where they cross other members, or 
stiffen "them in some manner to avoid the disagreeable 
chattering which will otherwise commonly be found to occur 
on the passage of the live load. 

Occasionally diagonal ties are made up of two flat bars 
placed face to face, to escape the use of one very thick 
member. Where this is done, the two thicknesses, if not 
riveted together along the edges, will be liable to open, as 
the result of rusting between the bars in contact, when the 
evil will be aggravated by the greater freedom with which 
moisture will enter the space. 

Other matters relating to open-web girders will be more 
conveniently dealt with under their separate headings, par- 
ticularly a further consideration of the relationship subsisting 
between the booms and floor structure. 



c 2 
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CHAPTEE III. 

BRIDGE FLOORS. 

The floors of bridges commonly give more trouble in main- 
tenance, and their defects are more frequently the cause 
which renders reconstruction necessary, apart from reasons 
not concerning strength, than any other part of such struc- 
tures. When it is considered that this portion of a bridge 
is first affected by impact of the load which comes upon it, 
and is usually light in comparison with the maia girders 
further removed from the load, and to which the latter is 
transferred through the more or less elastic floor, the fact 
will be readily appreciated by those not already familiar 
with it. 

The end attachments of cross and longitudinal girders 
are very liable to suffer by loosening of rivets, or, more 
rarely, by breaking of the angle-irons which comtmonly make 
such a connection. A not unusual defect of old work, which 
may also sometimes be seen in work quite new, where the 
cross-girder depth has from any cause been restricted, is the 
extremely cramped position of the rivets securing the ends. 
There is small chance of these ever being properly tight, if 
the act of riveting is rendered difBcuIt by bad design. This 
is the more objectionable if it happens that cross-girder ends 
abut against opposite sides of the web of an intermediate 
main girder, and are secured by the same rivets passing 
through. At the best such rivets wUl not be well placed to 
insure good workmanship, and the severe treatment to which 
they become subject, as the cross-girders take their load and 
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deflect under it, will be very apt to loosen them. The author 
has seen a case of this kind (see Figs. 11 and 12) — ^rather 
extreme, it is true — ^in which nearly the whole of the cross- 
girder end rivets were loose, some nearly worn through, thus 
allowing the cross-girders to be carried, not by their attach- 




FlG. 11. 

ments, but by resting upon the main-girder flanges, which 
in turn, by repeated twisting, tore the web for a length of 
4 feet ; there was also pronounced side flexure of the top 
booms. The movements generally on this bridge (of 42 -feet 
span), whether of main or cross-girders, were very consider- 
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Fig. 12. 



able and disturbing. It was removed after about twenty- 
three years' use. 

There is no necessity, as a rule, for the ends of cross- 
girders attached to the same main girder at opposite sides 
to he placed in line. The author prefers to arrange them to 
miss, by which device each connection is entirely separate, 
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the riveting can be more efficiently executed, erection is 
simplified, and the rivets will be more likely to keep tight. 
Other special cases of cross-girder ends will be dealt with 
under the head " Eiveted Connections." 

It is sometimes contended that cross-girders attached at 
their ends by a riveted connection should be designed as for 
fixed ends, in which case they are usually made of the same 
flange section throughout, with a view to satisfy the sup- 
posed requirements. But a girder to be rightly considered 
as having fixed ends must be secured to something itseM 
unyielding. "With an outer main girder of ordinary con- 
struction, and no overhead bracing, this is so far from being 
the case as to leave little occasion for taking the precaution 
named. As the cross-girders deflect, the main girders will 
commonly yield slightly, inclining bodily towards the cross- 
girders, if these are attached to the lower part of the main 
girders. The force requisite to cant the main girders in 
this manner is usually less than that which corresponds to 
fixing the cross-girder ends, and is, generally, slight. It is, 
of course, necessary that this measure of resistance at the 
connection should be borne in mind for the sake of the joint 
itself, quite apart from any question of fixing. 

Possiyj;, in qaile^ ■exceptiona.l cases, where very stiff 
main girders are briced in .such a manner as to prevent 
canting, it iiiay be proper to consider the cross-girder ends 
as fixed, or for those near the bearings of heavy main 
girders ; but the author has not met with any example 
where cross-girders, apart from attachments, appear to have 
suffered from neglect of this consideration. 

With cross-girders placed on either side of a main girder, 
and in Hne, it may also, for new work, be desirable to regard 
the ends as fixed, and to detail them with this in view. It 
does not, however, appear wise to carry this assumption to 
its logical issue, and reduce the flange section to any apprecr- 
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able extent on this account. The fixity of the ends will, iit 
any such case, be imperfect ; and when one side only of an 
intermediate main girder is loaded, it can have but 'a 
moderate effect in reducing flange stress at the middle of 
the loaded floor beam. 

Similar reasons affect the design of longitudinal girdeir 
attachments to cross-girders, which, if intended to support 
rails, cannot of necessity be schemed to come other than in 
line. Where the floor is plated as one plane surface, there 
wiU not usually be any. trouble resulting if no special pre- 
cautions are used, as the plate itself will insure that the 
longitudinals act, in a measure, as continuous beams, reliev- 
ing the joints of abnormal stress. If the platiQg is, however, 
designed in a manner which does not present this advantage, 
or if the floor be of timber, it is better to decide whether 
the connections shall be considered as fixed, and made so ; 
or avowedly flexible, and detailed in such a manner as to 
possess a capacity for yielding , slightly without injury. 
Those connections are most likely to suffer which are neither 
of the one character nor the other, offeriag resistance without 
the abUity to maintain it. Figs. 13, 14, and 15 give repre- 
sentations of three " spring joint " methods of insuring yield 
in a greater or less degree. For small longitudinals it is, 
perhaps, sufficient to use end angles with very broad flanges 
against the cross-girder web ; these to be riveted in the 
manner indicated ia Fig. 15. ,i 

Liberal depth to floor beams is distinctly adfvantageous 
where it can be secured, rendering it easier to design bheiends 
in a suitable manner, by giving room near mid-depth 6f the 
attachment to get in the necessary number of rivets '; oi: 
where the ends are rigidly attached direct, tb. vertical 
members of an open-work truss, the greater depth ;is effective 
in reducing the inclination of the end from the vertical, with 
a correspondingly 'i reduced cant of the maia girders and 
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flexure of the vertical member, with smaller consequent 
secondary stresses. In any case deep girders will contribute 
to stiffness of the floor itself, favourable in railway bridges 
to the maintenance of permanent-way in good order. 

A point in connection with skew-bridge floors occasionally 
overlooked is the combined effect of the skew, and main 
girder camber, in throwing the floor structure out of truth, 
if no regard has been paid to this. The result is bad cross- 
girder or other connections ; or, in the case of bearers run- 
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ning over the tops of main girders, a necessity for special 
packings to bring aU f air (Fig. 17). The author has in such 
cases, where cross-girders are used, set the main girder beds 
at suitable levels, in order that the cross-bearers may all be 
horizontal (see Figs. 16 and 18). This may not always be 
permissible ; but, however the difficulty may be met, it 
should be dealt with as part of the design. For small angles 
of skew only may it be neglected. 

Eivets attaching cross-girder angles to the web will occa- 
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sionally loosen, probably due in most cases to bad work, 
together witli some circumstance of aggravation, as in the 
•case of a bridge floor consisting of girders spaced 3 feet 6 
inches apart, with short timber bearers between, carrying 
rails. In many girders the top row of rivets, of ordinary 
pitch and size, had loosened, allowing the web, about J inch 
thick, a movement of ^ inch vertically. The rails being 
very close down upon the cross-girder tops, though not in- 
tended to touch, had at some time probably done so, and by 
*' hammering " produced the result described. 
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Figs. 16, 17, 18., 

Plated floors are often found which are objectionable on 
account of their inability to hold water, arising sometimes 
from bad work, as oft«n from wide spacing of rivets. With 
rivets arranged to be easily got at, and pitched not more 
than 3 inches apart, a tight floor may be expected ; but it is 
still necessary to drain the floor by a sufficient number of 
holes, provided with nozzles projecting below the underside 
of the plate, and sufficiently long to deliver direct into 
gutters, where these are necessary. Drain-holes should not 
be. less frequent than one to every 50 square feet of floor, if 
flat, and may advantageously be more so. Gutters should 
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slope well, and care be taken to insure practicable joints and 
good methods of attachment — a matter too often left to 
take care of itself, with considerable after-annoyance as a 
result. 

The use of asphalt, or asphalt concrete, to render a 
plated floor water-tight is hardly to be relied upon for rail- 
way bridges, though no doubt effective for those carrying 
roads. It is extremely difl&cult to insure that it shaU stand 
the jarring and disturbance to which it may be subject, and 
under which it will commonly break up, and make matters 
worse by holding moisture, and delaying the natural drying 
of the floor. In bulk, as in troughs, it may be useful, but 
in thin coverings on plates it cannot be depended upon. 

Floors h^iug plated tops are sometimes finished over 
abutments or piets ,m a manner which is not satisfactory, 
either as regards' the -carrying of loads or accessibility for 
painting. If the plates are carried on to a dwarf wall with 
the intention that the free margin of the plate shall rest 
upon it, there will be a diflS.culty in securing this in an 
efBcient manner. Commonly such a wall is built up after 
the girder work is in place, making it difl&cult to insure that 
the wall really supports the plate, the result being that this 
may have to carry itself as best it can. In any case, severe 
corrosion wiQ. occur on the underside, and the plate rust 
through much before the rest of the floor ; the masonry also 
will usually be disturbed. 

It appears preferable to form the end of the floor with a 
vertical skirting-plate having an angle or angles along the 
lower edge. This may come down to a dwarf wall, but pre- 
ferably not to touch it, the skirting being designed to act 
as a carrying girder. A convenient arrangement is shown in 
Fig. 19, which may be used either for a square or skew bridge. 
It will be seen that the plate-girders have no end-plates, the 
skirting referred to being carried continuously along the 
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floor edge, and attached to each girder-web, the whole of the 
more important parts being open to the painter. 

Trough floors consisting of one or other of the forms of 
pressed or rolled section present the objection that it is almost 
impracticable to arrange an eflBcient connection at the ends, 
if they abut against main girders, and but little connection 
is, as a rule, attempted, and sometimes none. The result is 
that the load from these troughs is delivered in an objection- 
able manner, and the ends being open or imperfectly closedj 




Fig. 19. 



water and dirt escape on to the flange, or other ledge, which 
supports them. A description of pressed floor which pro- 
mises to overcome this objection, and provide a ready means 
of attachment to the webs of plate-girders, or of booms 
having vertical plate-webs, has within the last few years been 
introduced. This has the ends shaped in such a manner as 
to close them and provide a flat surface of suflicient iairea 
for connection by rivets. Bach hoUow is separately dra,ihed 
by holes with nozzles. Whether this type of trough will 
develop faults of its own, due to over-Strainiiig of the metal 
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in the act of pressing, remains to be seen ; but as it appears 
possible to produce the desired form without any material 
thinning or .thickening of the metal, the contention that no 
severe usage accompanies the process appears to be reasonable. 

That form of troughing in which the top and bottom 
portions are separately formed, and connected by a horizontal 
seam of rivets at mid-depth, is found in use upon railway 
bridges to be very liable to loosening of those rivets near the 
ends ; less -surprising, perhaps, because the sloping sides are 
usually thin. 

It is a distinctly difficult matter to join two or more 
lengths of any trough flooring having sloping sides, in a 
workmanlike manner ; the fit of covers is apt to be imperfect, 
and some rivets, being difficult of access, are likely to be but 
indifferently tight, so that if the joint occurs where it wUl 
be more than lightly stressed, trouble will probably follow. 
A bad place for such joints is immediately over girders 
supporting the troughs, , as there the stress wUl be most 
severe, any leakage come directly upon the girder, and reme- 
dial measures be more difficult to carry out. 

Timber floors of the best timber, close jointed, are more 
durable than might be supposed. The disadvantage is a 
difficulty in ascertaining the precise condition of the timber 
after many years' use. The author has seen timbers, 9 inches 
by 9 inches, forming in one length a close floor, carried by 
three girders, and supporting two lines of way, which, when 
taken out, could as to a considerable part be kicked to pieces 
with the foot ; whilst in another case, with the same arrange- 
ment of girders and close-timbered floor, the wood, after 
being in place for thirty-two years, was, when taken out, 
found to be perfectly sound, with the exception of a very 
few bad places of no great extent. In this instance, however, 
it is known that the floor — pitch-pine — was put in by a 
contractor who prided himself upon the quality of the timber 
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that he used ; the floor being also covered with tar concrete, 
which had in this instance so well performed its office as to 
keep the timber quite dry on the top. 

Jack arches between girders make an excellent floor for 
road bridges, though heavy ; and for small bridges may be 
used to carry rails, if the girders are designed to be stiff under 
load. The apprehension that brickwork or concrete will 
separate from the girder-work, or become broken up under 
even moderate vibration, does not seem to be well founded, if 
the deflection is small and the brickwork or concrete good. 

The use of corrugated sheeting as a means of rendering 
the underside of a bridge drop dry cannot be too strongly 
deprecated. If it must be adopted, the arrangement should be 
such as to permit ready removal for inspection and painting. 
It is evident that by boxing up the floor structure, rust is 
favoured, and serious defects may be developed, not to be dis- 
covered till the sheeting is removed, or something happens. 

A case may be instanced in which it was found, on taking 
down sheeting of this description, that the floor girders, pre- 
viously hidden, were badly wasted in the webs. One of 
these girders had cracked, as shown in Fig. 20, and others 
were in a condition only less bad. 

In any floor carrying ballast or macadam, if means are 
not adopted to keep the road material from the structure of 
the floor, or from the main girders, corrosion may be serious 
in its effects. Cinder baUast is, perhaps, the worst in this 
respect, in its action upon steel or ironwork, being distinctly 
more damaging than any other kind commonly used. 

Rail-joints upon bridge floors are to be avoided where 
practicable by the use of rails as long as can be obtained ; if 
the bridge is small enough, crossing it in one length. At 
each joint there is likely to be hammering and working 
extremely detrimental to floor members and connections ; 
indeed, it may happen that loose rivets will be found in the 
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neighbourhood 




of such joints, and nowhere else on the bridge. 
Where rail-joints cannot be 
avoided, their position should, 
if there be any choice, be judi- 
ciously selected, and the plate- 
layers taught to close the joints 
and jam the fish-bolts. 

As rail-joints upon a bridge 
may injuriously affect the floor, 
so also wiU a weak floor be 
very trying to the rails. A 
remarkable instance of this has 
come under the writer's notice, 
where a bridge (Fig. 21) of 
three 33-feet spans, having 
outer and centre main girders, 
with cross-girders spaced 3 feet 
apart, resting upon the girder 
flanges, but not attached, and 
carrying two roads, had the per- 
manent-wayin a very bad state. 
The rails proper, with supple- 
mentary angle-plates, rested 
direct upon the cross-girders, 
which were decidedly light, 
and the whole floor had much 
"life" in it, the ill-efifect of 
which was shown in thirteen 
breaks in the angle-plates, in 
each case near their ends, 
generally at holes. 

It appears probable that 
severe stresses may be thrown 
upon the parts of a floor. 
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whether placed at the level of the bottom booms or of 
the top, hj changes of length in the booms due to stress. 
The author has, unfortunately, no direct evidence to offer 
in reference to this, tending either for or agaiast the con- 
tention. If an unpkted floor of cross and longitudinal 
girders of usual arrangement be at the bottom boom of 
a large bridge, as the boom lengthens with the imposition 
of load upon the bridge, all the cross-girders from the 
centre towards the abutments will be curved horizontally, 
the middle portion being restrained by the longitudinals 
from moving bodily with the ends. Bach cross-girder 
except that at the centre, if there be one, will thus present 
a figure in plan, concave towards the abutment to which it 
is nearest. This wiU be accompanied by stressing of the 
connections, and a transfer to the longitudinals of as much 
of , the tensile stress properly belonging to the booms as the 
stiffness of the cross-girders may communicate. 

This in itself will hardly be considerable, and will be the 
less on account of a slight yielding which may be expected 
at the end connections of each longitudinal ; but the effect 
upon the cross-girders by horizontal bending will be much 
marked. If the case be supposed of a 200-feet span in steel 
at ordinary loads and stresses, carrying one line of way, with 
cross-girders 20 feet apart, and having no floor-plates, it may 
be ascertained, neglecting for the moment any slight yielding 
of the longitudinal girder connections, that upon the bridge 
taking its full live load there will be the following approxi- 
mate results : Movement at each end of the end cross-girders 
of ^ inch, equivalent to a force of 7J tons, tending to bend 
them horizontally, and a mean stress on the outer edges of the 
girders, 12 inches wide, of 8 tons per square inch due to 
flexure, which, compounded with the ordinary flange stresses, 
will seem to give rather alarming results. There will also be a 
longitudinal stress in the rail-girders, at centre part of bridge. 
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of I ton per square inch. Normal elongation of the longitudi- 
nal girder bottom flanges, and compression of the top, modifies 
the figures unfavourably as to the cross-girder top flange. 
Yielding of the connections named before has been neglected 
in arriving at these stresses. If they are sufficiently accom- 
modating to give freely, to a mean extent, as between the 
top and bottom of each joint, of ^^ inch, these results will 
disappear. It is evident, however, that we cannot rely upon 
good work yielding without theexistence of considerable forces 
to cause it. In the issue it is justifiable to apprehend that the 
flexing and stressing of the cross-girders will be considerable. 

The most favourable case has been taken ; if now it is 
assumed that the floor has continuous plating, the results 
would seem to be much more astonishing. It wiU appear on 
this supposition that the boom stresses, instead of being 
taken wholly by the booms, are about equally divided between 
these and the floor structure, each cross-girder connection 
communicating its share of boom stress to the floor, which 
for the end cross-girders will approach 40 tons at each 
connection — considerably more than the vertical reaction 
under normal loads. 

Palpably, these conclusions must be greatly modifled by 
the yield of longitudinal girder ends, and slip of the floor 
rivets in transverse seams. If these rivets be 3J inch pitch 
and f inch in diameter, the stress at each, as estimated, would 
be sufficient to induce shear of about 6 tons per square inch — 
more than enough to cause " slip." After making this allow- 
ance, it is still evident there must be very serious forces at 
work about the ends of cross-girders under the conditions sup- 
posed, probably not less than one half the amounts named, as 
with this reduction the floor rivets should not yield, given 
reasonably good work. It is to be observed that the effect of 
live load only has been introduced, on the presumption that the 
longitudinals and floor-plating have not been riveted up till 
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the main girders have been allowed to carry the major part 
of the dead load ; but even this cannot always be conceded. 
The deduction appears to be that the floor and cross-girder 
connections should be studied with special reference to these 
possible effects, either with the object of rendering the com- 
munication of these forces harmless, or making the floor so 
that it shall take little or no stress from the main booms, by 
arranging joints across the floor specially designed to yield, 
the ends of longitudinals being schemed with the same object. 
Where there is no plating, the case is, perhaps, sufficiently 
provided for by making the cross-girders narrow, and the 
longitudinal girder connections flexible, or by putting these 
girders upon the top of the cross-girders, when stretching of 
the bottom flanges of the rail-bearers under load may be 
expected, within a little, to keep pace with the lengthening 
of the main booms. 

It would appear that light pressed troughs running across 
the longitudinals would, by yielding in every section, also 
furnish relief, as compared with the rigidity of flat plates. 

By placing the floor at a level corresponding to the 
neutral axis of the main girders, the communication of stress 
to the floor may be avoided ; but it seldom happens that 
there is so free a choice as to floor height relative to the 
girders. This solution is, therefore, of Hmited application. 

It is obvious that somewhat similar effects must obtain to 
those considered in detail, when the floor structure lies at the 
level of top booms, but with forces of compression from the 
booms to deal with, instead of tension. 
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CHAPTEK IV. 

BEACING. 

Bkacing, whether to strengthen a structure against wind, to 
insure the relative positions of its parts, or for any other 
purpose, cannot be arranged with too great care and regard 
to its possible effects. Forces may be induced which the 
connections wUl not stand, with loose rivets as a consequence, 
and ineflBiciency of the bracing itself ; or, the connections 
holding good, stresses in the main structure may, perhaps, 
be injuriously altered. 

To take a not uncommon case, let us suppose a bridge 
consisting of four main girders placed immediately under 
rails of ordinary gauge, and braced in vertical planes only, 
right across from one outer girder to the other. If the 
roads were loaded always at the same time, nothing objec- 
tionable would result ; but, as a fact, this will be the excep- 
tion. When one pair of girders only takes live load, and 
deflects, the bracing under the six-foot will endeavour to 
communicate some part of this load to the other pair of 
girders. If the bracing is so designed that some correctly 
calculated portion of the load can be transferred in this 
manner, without over-stressing the bars and riveted connec- 
tions, there will be no harmful consequences ; but if not, the 
bracings will most probably work at the ends ; this, indeed, 
is what frequently happens. There is one other effect which 
will ensue, if the bracing is wholly eificient ; a certain twist- 
ing movement of the bridge will occur, which increases the 
live load upon the outer girder on the loaded side of the 
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bridge to the extent of 10 per cent., with a corresponding 
lifting force at the outer girder on the unloaded side. These 
amounts are not serious, but wholly dispose of any advantage 
it is conceived will be gained by causing the otherwise idle 
girders to act through the medium of the bracing. In road 
bridges of similar arrangement, over which heavy loads maj 
pass on any part of the surface, it is clear that the use of 
bracing between girders should not be taken as justifying 
the assumption that the load is distributed over many girders, 
and correspondingly light sections adopted, unless the effect 
of twisting on the whole bridge is also considered, and justifies 
this view ; for, as already stated in the case of the railway 
bridge, the net result may be to increase the girder stresses 
instead of reducing them. Generally, it may be deduced 
that the better plan for railway bridges is to brace the girders 
in pairs, leaving, in the case supposed, no bracing between 
the two middle girders, though there will be no objection to 
connecting these by simple transverse members of no great 
stiffness, to assist in checking lateral vibration. For road 
bridges of more than five longitudinal girders, equally spaced, 
it may be advantageous to brace right across, the twisting 
effect with this, or a greater, number of girders not, as a rule, 
leading to any increase of load on any girder. Figs. 22 to 
25 give the distribution of live load, placed as shown, for 3, 
4, 5, and 6 girders. 

It is to be observed that these statements do not apply to 
cases where there may be also a complete system of horizontal 
bracing, the effect of which, in conjunction with cross 
diagonals, may be greatly different, with considerable forces 
set up in the bracing, and a modification of girder stresses. 

These effects may be so considerable as to call for special 
attention in design where such an arrangement is adopted. 

Somewhat similar straining to that first indicated may 
occur in bracings placed between the girders of a bridge 
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mucli on the skew. If this is, on plan, at right angles to 
the girders, as is commonly and properly the case, the ends 
will evidently be attached to the girders at points on their 
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length at different distances from the hearings, which points, 
even with both girders loaded, deflect dissimilar amounts, 
and the bracing will, if at one end attached near a rigid 
bearing, transfer some part of the load from one girder to 
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the other, notwithstanding that both girders may be of the 
same span and equal extraneous loading. It would not be 
diificult to ascertain the amount of load so transferred from 
a consideration of the relative movements if free, and the 
loads on the two girders necessary to render these movements 
equal, if the deflections were simply vertical ; but as there 
will be some twisting and yielding of the girders on their 
seats, the calculation becomes involved. If the bracing is 
placed at about the middle of the girders, the effects noted 
will be greatly reduced ; first, because the difference of 
movements near the centre will be less ; second, any given 
difference will correspond to a smaller transference of load ; 
and, third, because each girder will there be more free to 
twist than at the ends. It therefore appears that bracings 
between the girders of a skew bridge should not be placed 
near the bearings, though they may be put, with much less 
risk of injury, near the middle. 

Cross-girders on a skew bridge are subject to forces 
somewhat similar to those which may affect bracing, render- 
ing it desirable to design their attachments in a manner 
which shall not aggravate the matter, but rather reduce the 
effects of unequal vertical displacement of their ends where 
secured to the main girders. 

Crossed flat bars as bracing members are objectionable 
on account of their tendency to rattle, after working loose ; 
but as this effect only ensues in bracing which has first 
become loose (it being assumed that the bars in any case are 
connected where they cross), this objection is not itself vital, 
though greater rigidity is easily obtained by making all such 
members of a stiff section. 

Defective bracing between girders, from neglect of the 
very considerable forces it may be called upon to communi- 
cate, is very common ; the writer has seen many such cases, 
of which one is here illustrated in Fig. 26. 
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This bridge, of the section shown, and 85 feet-'span, had 
very light web structure. The bracings, of which there 




HI 



were two sets, were wholly inefficient, the end rivets being 
loose in enlarged holes. Upon the passage of, a train there 
was a positive lurching of the girder tops from side to side. 
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The integrity of the bridge was really dependent upon such 
stiffness as there was in the girders, and unplated floor^ 

A common but indifferent method of keeping the top 
members of main girders in line is by the use of overhead 
girders alone, frequently curved to give the requisite clear- 
ance over the road. This cannot be considered as wholly 
inefficient, as sometimes maintained, since it is evident that 
the closed frame formed by the floor beams, the web members 
of the main girders, and the overhead girder itself, must 
take a greater force to distort it than would be necessary to 
cause deformation of a correspondtag degree, in an open 
frame formed by the omission of the overhead girder ; but it 
is not a method to be recommended, its precise utility is 
difficult to estimate, and, if the cross-girder attachments are 
of a rigid character, tends to increase the stresses induced at 
those connections. The latter consideration is, however, 
not applicable to this arrangement alone. All overhead 
bracing favours this by restraining the tendency of the top 
booms to cant inwards when the floor beams are loaded ; and 
though this restraint may be quite harmless, it is desirable 
that close attention be given to these effects in designing 
bridges which make a complete frame more or less rigid in 
its character. "Sway" bracing, sometimes introduced at 
right angles to the bridge between opposite verticals, tends 
to emphasise these effects by rendering the cross-section of 
the bridge stUl stiffer, besides making it a matter of difficulty 
to ascertain how much of the wind forces on the top boom 
is carried to the abutment by the top system of bracing, and 
how much by the floor. The author does :not, however, mean 
to suggest that it cannot be used with propriety, but rather 
that extreme care is desirable in considering its ultimate 
effect on the rest of the structure. 

For girders of moderate depth there may be on these 
grounds a distinct advantage in abandoning overhead brae- 
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ing, and securing rigidity of the top boom, and adequate 
resistance to wind forces, by making the connection between 
the cross-girders and the web members sufficiently good to 
insure, as a whole, a stiff U-shaped frame ; but this, with 
the ordinary type of rocker arrangement under the main 
girder bearings, will not be entirely free from objection, as 
canting of the girders due to floor loading wiU throw extreme 
pressure on the inner end of each rocker. There appears to 
be no reason why the cylindrical knuckle should not in this 
case be supplanted by a cup hinge, allowing angular move- 
ment of the girder bearing in any plane. 

The efficient stiffening of light girders, as in the case of 
foot-bridges, from the floor, where this is at the bottom 
flanges, renders very narrow top booms permissible. This is 
a decided advantage where lightness of appearance is aimed 
at ; but it is not unusual to see an attempt made in this 
direction by introducing gusset plates of very ample propor- 
tions between vertical members of the girders, and the pro- 
jecting ends of flimsy transoms, carried beyond the width of 
the bridge proper, these being of a section wholly out of 
proportion to the brackets they are supposed to secure. 
"Whatever may be the amount of strength necessary at the 
point A, in Fig. 27, there should not be less throughout the 
transom from one girder to the other. The degree of 
strength and stiffness required in this member, and in the 
vertical stiffeners is not, as a rule, great. Information to 
enable this question to be dealt with as a matter of calcula- 
tion is somewhat scanty ; but it would appear to be sufficient 
to insure safety that, for an assumed small amount of curva- 
ture in the compression member, the forces outwards corre- 
sponding to this curvature, due to thrust, should be resisted 
by verticals and transoms of strength and stiffness sufficient 
to restrain it from any further flexure. It will, of course, 
be necessary also to take care that the compression member 
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is good as a strut between the points of restraint. A 
simple and suificiently precise method of dealing with this 
question is much needed. In cases where the floor weight 
rests on the flange projection, it is also necessary to give 
the transom additional strength to an extent enabliag it 
to resist the twisting effort between any two of these 
transverse members ; further, resistance to wind on the 
girder has to be provided in both transoms and verticals. 

It inay be hardly 
necessary to insist 
that bracing intended 
to stiffen a structure 
against wind, local 
crippling, or vibra- 
tion, should be made 
complete, not stop- 
ping short at some 
point, because it can- 
not conveniently be 
carried further, as 
is sometimes done, 
unless the strength 
of those parts of 
the structure through 
which the forces from 

the bracing must be communicated to the abutments is 
sufficiently great, considered with reference to other stresses 
in those parts which have also to be endured. 

Bracing stopped short in this way, making only the 
central part of a bridge rigid, may have the effect of increas- 
ing the forces to which the unstiffened end members would 
otherwise be liable. Such a structure would evidently be 
much stiffer against wind-gusts than if no bracing existed — 
the resistance to a blow would be increased ; but the power to 




Pig. 27. 
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maintain ttat greater resistance being confined to the inter- 
mediate bays, the unbraced ends would be subject to greater 
maximum forces than if bracing were wholly omitted. The 
net effect may still be better than with no bracing, the point 
raised being simply that of an increase of stress in particular 
end members. 

In the bracing of tall piers, the rising members of which 
will be subject to any considerable stress, if the diagonal 
members are not finally secured when the piers are under 
their full load, or an initial stress of proper amount induced 
in those members, the effect of loading will be to render 
them slack ; so that an appreciable amount of movement at 
the top may occur before it can be limited by the efficient 
action of the bracings. This effect under blasts of wind or 
continual passage of trains may, indeed, be dangerous. 
Similar considerations apply to the top wind bracing of deep 
girder bridges, influencing also the bottom bracing in a con- 
trary manner, which calls for attention in fixing the unit 
stresses for such members. 

The bracing of sea-piers is very liable to slacken if made 
with pin-and-eye ends, as is often done for round rods. The 
detail presents advantages in erection, but is not altogether 
satisfactory in practice. Such connections are continually 
working. In the finest weather, with the sea quite smooth 
but for an almost imperceptible wave movement, the lower 
parts of such structures will be found, as a rule, to have some 
slight motion. This is very trying to bracing ; nor is there 
room for surprise when it is considered that these oscillations, 
occurring at about ten to each minute, never wholly cease, 
and amount in the course of one year to over five miUion in 
number. 

Bracing attached in such a manner that there can be no 
initial slack, or slack due to wear under endless repetitions 
of small amounts of stress, will have a much better chance to 
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keep tight. The advantage presented by round rods in 
offering little surface to the water, is more than negatived 
by inefficiency of the usual attachments for such rods. 

The author has observed that bracing of members posses- 
sing some stiffness, and with good end attachments to ample 
surfaces, appears to stand best in ordinary sea-pier work. 
For such structures the bracing should consist of a few 
good members, with a solid form of attachment, rather than 
of a multiplicity of lighter adjustable members, which wUl 
commonly give great trouble in maintenance ; being very 
possibly also, in the case of sea-pier work, in unskilled hands. 
If round rods must be used, they will stand much better if 
made of large diameter. 

Before leaving the subject of bracing, it may not be out 
of place to refer to wind pressure, as this may so much affect 
the proportioning of the members. 

Some years since the author had occasion to examine a 
number of structures with respect to their stability. Of foot- 
bridges from 60 feet to 120 feet long, three or four, when 
calculated on the basis recommended by the Board of Trade 
as to pressures upon open-work structures, worked out at an 
overturning pressure of from 18 lb. to 22 lb. per square foot. 
These bridges had been many years in existence ; it is, 
therefore, fair to assume that no such wind in the direction 
required for overturning had expended its force upon them 
as to the whole surface. 

Particulars were taken in 1895 of a notice-board, present- 
ing about 12 square feet of surface, which was blown down 
in the great storm of March 24 of that year, at Bilstou, in 
Staffordshire. It was situated at the foot of a slight slope, 
over which the wind came, striking the obstruction at right 
angles. The board was mounted on two oak posts of fair 
quality and condition, which broke near "the ground at bolt 
holes (see Fig. 28). The force required to do this, at 9000 lb. 
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modulus of rupture — a moderate value — corresponds to 50 lb. 
per square foot on the surface exposed above the break. 

In the same neighbourhood, at the same time, consider- 
able damage was wrought in overturning chimney stacks, to 
buildings and roofs ; the general impression in the locality 
being that the storm was of exceptional, even unprecedented, 
violence. Bilston, it should be noted, lies high. 
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Fig. 28. 



At Bidston Hill, near Birkenhead, on the same occasion, 
a pressure of 27 lb. was registered. In another part of the 
country it is said to have been 37 lb. Wind is so capricious 
in its effects over email areas as to render it probable that the 
maximum pressures have never been recorded ; but this is 
a matter of little importance where general stability and 
strength only are concerned. The instances cited, though by 
themselves insuificient to throw much light on the question, 
may be of use in connection with other known examples. 
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CHAPTEK V. 

EIVBTED CONNECTIONS. 

Considerable latitude is observable in the practice of 
engineers in the use of rivets. Numberless experiments to 
determine the resistance of riveted connections have from 
time to time been made, but these are not to be considered 
by themselves as final, when the results of experience in 
actual construction, are available for further enlightenment. 

The class of workmanship so largely influences the degree 
in which rivets wUl maintain their integrity that it is only 
by the observation of a large number of cases, including all 
degrees of workmanship, that any reliable conclusions may 
be drawn. In this respect laboratory experiments have an 
apparent advantage, as the conditions may be kept sensibly 
the same ; but, on the other hand, no such investigation 
reproduces the circumstances of actual use, which alone must 
in the end determine the utility of any inquiry for practical 
application. 

The author has studied the particulars of a number of 
cases to ascertain under what conditions as to stress, having 
due regard to the effects of vibration, rivets wUl remain tight, 
or become loose. Every loose rivet that may be found cannot, 
of course, be taken as being due to excessive stress ; the more 
frequent cause is indifferent work, evidenced by the fact that 
neighbouring rivets wUl frequently be found quite sound, 
though the failure of some wUl cause a greater stress upon 
the remainder. When rivets loosen as the direct result of 
over-stress, it is usually by compression of the shank and 
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enlargement of the hole, or by stretching of the rivet and 
reduction of its diameter. Instances of failure by partial or 
complete shear are extremely rare ; indeed, the author has 
never yet found one, though when a rivet has first worked 
loose, as a result of excessive bearing pressure or bad work, 
it is not uncommon to find it cut or bent as an after con- 
sequence. 

In estimating stresses at which rivets have remained 
tight, or loosened, as the case may be, examples have gener- 
ally been chosen in which there could be no reasonable 
doubt as to the amount of those stresses by the ordinary 
methods of computation. This is clearly most important, 
as, -if any appreciable uncertainty remained as to the degree 
of stress, the results deduced would be of little value. For 
this reason those instances in which the loads upon girders, 
or parts of girders, may find their way to the supports by 
more than one route, are to be regarded with caution, as are 
those in which full loading possibly never obtains, but which 
may, on the other hand, perhaps have been frequent. The 
working diameter of the rivet as it fills the hole has been 
used in making the computations ; in some cases from 
direct measurement from particular rivets, in others with a 
suitable allowance for excess diameter of hole, according to 
the class of work under consideration. 

Dealing first with main girders, it may be said that rivets 
attaching the webs of plate girders to the flange angles rarely 
loosen, though subject to considerable stress. In iUustration 
of this may be named a bridge for two lines of way, 85 feet 
effective span, having two main girders with plate webs, and 
cross-girders resting on the top flanges, previously referred 
to (see Fig. 26). 

The girders, which were 6 feet 9 inches deep, had a bear- 
ing upon the abutments of 4 feet ; the rivets were ^ indh in 
diameter and 4 inches pitch. There is in a case of this kind 
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some little uncertainty as to what is the stress on the flange 
angle rivets at, or very near to, the hearings ; hut, taMng 
the vertical rows of rivets at the web joints near the ends as 
presenting less uncertainty, the stress per rivet works out at 
4 • 8 tons, being 4 tons per square inch on each shear surface, 
and 11 tons per square inch bearing pressure upon the shank 
in the web plate, which was barely J inch thick. This bridge 
was frequently loaded upon both roads, but with one road 
only carrying live load, the stresses in the more heavUy 
loaded girder would be fully 90 per cent, of those obtaining 
as a maximum. There was on this bridge, which had been 
in use 31 years, considerable movement and vibration. 

It is by no means uncommon to find cases of rivets in 
main girders taking 11 tons per square inch bearing pressure 
— occasionally more — and remaining tight. As furnishing 
an instructive, though sHghtly ambiguous, instance of rivets 
in single shear, may be cited a bridge not greatly less than 
that just referred to, of about 65 feet span, carrying two 
Hnes of way, there being two outer and one centre main 
girder of multiple lattice type, with cross-girders in one 
length 4 feet apart, riveted to the bottom booms of the main 
girders ; these rivets, by the way, were in tension. The 
floor was plated, the road consisting of stout timber longitu- 
dinals, chairs, and rails (Fig. 29). 

It should be noted that there is in this case some diffi- 
culty in ascertaining the precise behaviour of the cross- 
girders, affecting the proportion of load carried by the outer 
and the inner main girders. Strict continuity of aU the 
cross-girders could only obtain if the deflection of the main 
girders were such as to keep the three points of suspension of 
each cross-girder in the same straight line, A close iaquiry 
showed that this was very far from being the case, and that 
while each cross-girder at the centre of the bridge would, 
under load, by relative depression of the middle point of 
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support, be reduced to the condition of two simple beams, 
those at the extreme ends of the span would behave as 

continuous girders. 

With both roads carrying 
engine loads equal to those 
coming upon the bridge, the 
author estimates that for the 
centre main girder the shear 
on the rivets of the end diag- 
onals, secured by one rivet 
only, was 14 • 9 tons per square 
inch, and the bearing pressure 
16 • 3 tons ; the. flange stress 
being 7 • 1 tons per square inch 
net. The outer main girders 
are most heavily stressed when 
p" 1 1 J I CT but one road, next to the 

I I 1 1 5 I j5 outer girder considered, car- 

ries live load. For this con- 
dition the stresses work out at 
9 tons per square iuch shear 
on the rivets of the end dia- 
gonals, and 9 tons bearing 
pressure, the flange stress be- 
ing 5 • 7 tons per square inch 
on the net section. 

Without intending to 

throw any doubt upon the 

substantial truth of these 

II I ^ results, it must be admitted 

- f -' -I- I that instances of greater sim- 

U ^y^ plicity of stress determination 

are much to be preferred. For purposes of comparison, but 
not as having any other value, the results have also been 
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worked out on the supposition of all cross-girders acting 
each as two simple beams, and also for strict continuity, and 
are here tabulated, together with the conclusions given above. 

The cross-girders were moderately stressed, and the ten- 
sion on the rivets attaching them to the main girders 
probably did not exceed 3 tons per square inch. 

It should be pointed out that the traflElc over the bridge 
was small. The centre main girder but seldom bore its full 
load, though at all times Uable to receive it. Much import- 
ance cannot, therefore, be attached to the results for this 
girder, other than as showing how a structure may stand for 
many years, though liable at any time to the development 
of stresses which would coromonly be regarded as destructive, 
or nearly so. 



EXAMPTiF.R OP ElVET StBBSBEB, ETC., IN LATTICE GlEDBBS. 




Cross- 
Girders as 
Simple 
Beams. 


Cross- 
Girders as 
Continuous 
Beams. 


Correct 
Resolta. 




Stress in Tons per Square Inch. 


Centre girder, 63 ft. span (botli roads 

loaded) : 

Rivets in diagonals — Shear . . . 

Do. Bearing pressure 

Flange stress . 

Outer girder, 66 ft. span (near road 

loaded) : 

Eivets in diagonals — Shear . . . 

Do. Bearing pressure 

Flange stress . 


13-7 

15-0 

6-8 

9-6 
9-6 
5-9 


17-2 

18-8 

8-5 

8-2 
8-2 
5-1 


14-9 

16-8 

7-1 

9-0 
9-0 
5-7 



The material and workmanship of the bridge were good. 
The rivets of the centre girder end diagonals, 1 inch in 
diameter, were originally f inch, but on becoming loose were 

s 
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cut out, the holes reamered, and replaced by the larger size, 
which remained tight, and to which the stress figures apply. 
The rivets in the diagonals near the centre, ^ inch in dia- 
meter, which were subject to reversal of stress, occasionally 
worked loose, and were more than once replaced. The 
riveting in the outer girder diagonals, subject to smaller 
stresses, much more frequently developed, also gave trouble, 
particularly those liable to counter stresses. 

Apart from looseness of rivets, the general appearance 
and behaviour of the bridge, which had been in existence 
about twenty years, was not suggestive of any weakness. 

Of smaller girders, an example showing the necessity for 
care in discriminating, if it be possible, between looseness 
of rivets resulting from over-stress and that due to other 
influences may first be quoted. Two trough girders, of 
11 feet effective span, each of the section shown in Fig. 30, 
llj inches deep at the ends, 14 inches at the middle, with 
J-inch webs, and rivets f inch in diameter, of 4^-iach pitch, 
showed certain defects, of which one, it may be incidentally 
mentioned, was a cracked web (Fig. 31). From the nature 
of the arrangement the lower web rivets, which were loose, 
would receive the first shock of the load coming upon the 
span, but there were evidences indicative of original bad 
work. The angle bars gaped, suggesting that these had 
first been riveted to the bottom plate, and left sufiiciently 
wide to allow the web to be afterwards inserted, the rivets 
failing to pull the work close, and then readily working loose. 
Here there is considerable uncertainty as to how much of 
the loosening is to be attributed to bad work, and how much 
to stress. It may, however, be remarked that whatever 
bearing stress was the ultimate result of the load hammer- 
ing on the lower angle flanges, loosening rivets never perhaps 
really tight, the stress of 7 tons per square inch bearing 
pressure on the upper rivets, though aggravated by consider- 
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able impactive force, was notsufl&cienfc to loosen these. The 
girders were taken out after being in place sixteen years. 
An instance of undoubted excessive bearing pressure 








was found in the cross-girders of a bridge, mentioned] on 
p. 15, of which so many web plates were cracked. This 
bridge, carrying two lines of way, had outer main girders, 
and long cross girders with J-inch webs and f-inch rivets, 
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4 inches pitch. The rivet stresses work out at 4" 3 tons per 
square inch on each shear surface, and 24 tons per square 

inch hearing pressure. For 
one road only heing loaded, the 
latter figure falls to 18 • 5 tons. 
The traffic over this hridge, 
twenty years old, was consider- 
able, rapid, and heavy. It is 
hardly necessary to add that 
a large number of the rivets 
were loose, one of which is 
shown in Kg. 32. 

To take another case re- 
lating to a floor system of ex- 
tremely bad design (Fig. 33). 
The main girders were 11 feet 
apart, 35 feet span, the floor 
having two cross-girders only, 
spaced at 11 feet 3 inches, and 
9 inches deep, supporting hog- 
backed trough longitudinals. 
The cross-girders were at their 
ends but 6f inches deep, the 
distance from the bearing of 
cross-girders to centre of longi- 
tudinals carrying a rail being 
2 feet 10 inches, in which 
length were eight rivets in the 
web and angles at the top, and 
six at the bottom, all f inch in 
diameter. 
The shear stress on the upper rivets works out at 7 ■ 3 
tons per square inch on each shear surface, the bearing pres- 
sure 20 • 6 tons per square inch. On the lower rivets the 
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shear stress becomes 9*7 tons, and the bearing pressure 
27 "4 tons, per square inch. Care was exercised in com- 
puting these stresses, that part of the bending moment 
carried by the web being allowed for, but it must be admitted 
that the result is, probably, approximate only. The sketch 
here given shows the cross'-girder end and section. The 
rivets, though in double shear, were, as might be expected, 
loose, notwithstanding that the traific over the bridge was 
moderate, and quite slow. The floor system was remodelled 
after twelve years' use. 

In illustration of the behaviour of rivets in the ends of 
long cross-girders, both shallow and weak, and many years 
in use under heavy traffic, may be cited connections having 
end angle bars to the cross-girders, with six rivets through 
the web of main girders. The bearing pressure worked out 
at 7 • 8 tons per square inch. Many rivets were loose, but it 
should be remarked that the workmanship was not of the 
best class, and the cross-girders flexible : a characteristic 
very trying to end rivets, and inducing a stretch in some, 
already referred to as a possible cause of loosening. This 
will be apparent if the probable end slope of weak girders 
be considered. The author concludes that this inclination 
should not, for ordinary cases, exceed 1 in 250 ; but the 
ratio must largely depend upon the degree of rigidity of the 
part to which the connection is made. It is commonly 
regarded as bad practice to submit rivets to tension, yet this 
is frequently, though unintentionally, permitted in end at- 
tachments, without any attempt to limit the amount of 
tension. With suitable restrictions, there appears no serious 
objection to rivet tension for many situations. 

Another instance of cross-girder end connections of a 
different type is illustrated in Fig. 34. 

The main girders of the bridge were 12 feet apart, each 
cross-girder end carrying its share of the half of one road. 
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The mean bearing pressure upon the rivet shanks works out 
at 5 • 8 tons per square inch for the six rivets of the original 
joint, but in the particular joint shown some of the rivets 
had loosened, making the bearingi pressure upon the re- 
mainder about 8' 7 tons per square inch. It is apparent 
there must have been considerable stress on the top and 
bottom rivets which loosened. These two rivets would also, 
because of difficult access, be in aU likelihood insufficiently 
hammered up. The joints worked rather badly ; the loose 
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rivets had " cut " to a considerable extent, a process materi- 
ally assisted by the gritty nature of the ballast (limestone), 
particles of which, getting into the joint, contributed to the 
sawing action ; this had clearly been taking effect for some 
considerable time. (See Fig. 35.) 

The two cases of cross-girder ends given are both rather 
exceptional in character, and in each case the defects appear 
to be due to general bad design and workmanship rather 
than to any serious excess of bearing pressure. This may 
be illustrated by taking the common case of cross-girders, 
2 feet deep, carrying two roads, and having end angle irons 
riveted to the web and stiffeners of the main girders by ten 
rivets in single shear at each end. In this example, which 
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is, for old work, simply typical, and does not relate to any 
specific instance, the bearing pressure on the rivets will work 
out at from 6 to 8 tons per square inch, and will seldom be 
accompanied by looseness of rivets, and then only as a result 
of faulty work. 

Some sketches of rivets taken from old bridges have 
already been given in connection with the cases to which 
they belong ; a few others are here shown (Figs. 36 to 40) 




Fig. 36. 



Pig. 37. 




Pig. 38. 




Pig. 39. 




Pig. 40. 



to further illustrate what may be the actual condition of 
rivets after some years' use, and how different from the ideal 
rivet upon which calculations are based. These are, how- 
ever, bad instances. 

It should be noticed that rivets may, if in double shear, 
be loose in the middle thickness, due to enlargement of the 
hole in the central part and compression of the rivet, and 
yet show no sign of this by testing with the hammer. There 
is, however, generally marked evidence of another kind in 



56 



THE ANATOMY OF BRIDGEWORK. 



the' " working " of the inner part, as, for instance, the web 
of a plate girder, in which case a discoloration due to rust is 
to be found along the edges of the angle bars, or a movement 
may be detected on the passage of Uve load. Eed rust is, in 
fact, frequently an indication of something wrong, when no 
other evidence is apparent. In plate girders having T or L 
bars brought down and cranked on to the top of shallow 
cross-girders, it is not uncommon to find the rivets attaching 
these bars to the cross-girder tops loose, due to causes already 
dealt with. The riveted connection should, as to strength, 
bear some relation to the strength and stiffness of the parts 
secured, if the rivets are to remain sound. 

It may be weU to give here a summarised statement of 
the results already named, for purposes of ready reference. 
These by themselves are not sufficient to enable working 
stresses to be deduced, though they are instructive. The 
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author has found many instances of shear and bearing 
stresses in excess of those usually sanctioned, under which 
the rivets behaved well, but is not now able to give precise 
particulars of these. 

It is probable that the fact of a rivet being in single or 
in double shear largely affects its abUity to resist the effects 
of bearing pressure, as commonly estimated. In the first 
case, the rivet-shank must bear heavily on the half -thickness 
of the plates or bars through which it passes, rather than on 
the whole thickness ; and it is to be supposed that under 
this condition it wiU work loose at a lower average stress 
than if it were in double shear, and the pressure better dis- 
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Fig. 42. 



tributed. The author has no very definite information in 
support of this contention, but suggests that for double 
shear the permissible bearing pressure may probably be as 
much as 50- per cent, greater than for rivets in single shear ; 
the difference being made rather in the direction of increas- 
ing the allowable load on double-shear rivets, than in reduc- 
ing that upon rivets in single shear. The propriety of this 
is evident when it is considered that the practice has com- 
monly been to make no distinction, so that whatever bearing 
pressures are found to be sufficient for both cases may be 
increased for those capable of taking the greater amount. 
Figs. 41 and 42, here given, illustrate the behaviour of rivets 
under the two conditions. 
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With reference to the amounts of the stresses to which 
rivets may be subject, the author concludes, as a result of his 
experience, coupled with a consideration of known laboratory 
tests, that for all dead load these may be quite prudently 
higher than is frequently taken. For iron the shear stress 
to be 10 per cent, less than the stress of parts joined ; and 
the bearing pressure — for single-shear rivets, 20 per cent. ; 
and for double-shear rivets, 80 per cent, greater. For ordi- 
nary mild steel the shear stress to be 20 per cent, less than 
the stress in parts connected, and the bearing pressure equal 
to it for single-shear rivets ; and 50 per cent, more for rivets 
in double shear, though the two latter values may probably 
approach those for wrought iron in steel of the higher grades 
sometimes used in bridge-work. For live load, or part hve 
and part dead load, the same rules may apply, the reduction 
of the nominal working stress, arrived at by any one of the 
methods in use which may be adopted, affecting both the 
parts connected, and the rivets connecting them. For re- 
verse stresses it is advisable to keep the shear stress in any 
rivet so Idw, say 3 tons per square inch, that the frictional 
resistance of the parts gripped by the rivets shall be sufficient 
to prevent any tendency to sUp under the influence of the 
smaller of the two forces to which the part is Kable, to insure 
that, if brought to a bearing in one direction by the greater 
force, it shall not go back with reversal of stress. This re- 
quirement may be open to some question with respect to 
good machine-riveted work, but for hand-riveted connections 
it may certainly be adopted with wisdom. 

The following table wlQ show at a glance how the stresses 
proposed vary with the unit stresses governing the main 
sections. 

It may be objected that the shear stresses in the pro- 
posed table are somewhat high for wrought iron and steel. 
This feature is intentional, and is supported by the considera- 
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Note.— Tension on rivets to be limited to one-half the permissible 
shear stress, the holes being slightly countersunk under snap-head. 

tion that whereas there may be loss of strength in the mem- 
bers of a structure by waste, there is no such loss in rivets, 
if the work is so designed that there shall be no loosening. 
Any allowance that may be desirable for loose or defective 
field rivets is left to be dealt with as may be considered 
advisable for each particular case, the table as it stands being 
applicable only to riveting not below the standard of first- 
rate hand work. 

Cases of loose rivets in main girders over 50 feet span, 
due to any cause but bad work, are extremely rare, unless 
resulting from the action of some other part of the structure. 
It may be stated broadly that for railway bridges of less than 
perfect design, the nearer the rail, the more loose rivets, 
generally at connections. This is, no doubt, largely due to 
the severe impact of the load, the effects of which are greater 
near the rail, both because of the small proportion of dead 
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load, and because this effect has been but little modified by 
the elasticity of any considerable length of intervening girder- 
work. In addition to this, it is quite usual to find the rivets 
more heavily stressed, even though the load be considered 
as "static," in the floor system than in the main-girders, 
though the reverse should be the case. It is unfortunate 
that those parts which require the best riveting — viz., the 
connections — are conmionly dealt with by hand ; and for 
this reason it is the more necessary to design these with the 
greatest care. 

Any arrangement which favours the gradual acceptance 
of stress by one part from another will contribute to the 
integrity of riveted connections, and lessen the liability of 
the material to develop faults. In other branches of design 
this is well recognised, but appears in much old bridge work 
to have been entirely overlooked. 

Bridges carrying public roads very seldom furnish ex- 
amples of loose rivets ; the conditions are generally much 
more favourable, impact being practically absent, full loading 
infrequent, and the proportion of dead load to live, high. 

It is, perhaps, hardly necessary to insist upon rivets 
being, apart from mere considerations of strength, sufficiently 
near together to insure close work and exclude moisture. 
Outside edge seams should never be more widely spaced 
than 16 times the thickness of the plates ; 12 thicknesses 
apart is better. In the case of angle, tee, and channel sec- 
tions, the greater stiffness of the section makes wider spacing 
allowable up to, say, 20 times the thickness ; but this must 
be governed largely by the amount of riveting required to 
pull the parts close together. Where more than four thick- 
nesses are to be gripped by the rivets, f inch in diameter is 
hardly sufficient to insure tight work, and quite unsuitable 
if the plates exceed f inch thick. 
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CHAPTEE VI. 

HIGH STEESS. 

High stress, provided it be well below that at whick immedi- 
ate injury results, or possible failure, is not uniformly objec- 
tionable. It may be first considered relative to the absolute 
and elastic limits of strength, next with respect to the range 
of stress, and, finally, with regard to the frequency of ap- 
phcation. For practical purposes — that is, for the continued 
efficiency of a structure — the limit of elasticity must be con- 
sidered to be the limit of strength, or, more strictly, the 
limit for all those parts of the structure which must, so long 
as it lasts, be liable to the original measure of stress. There 
may be places in a bridge, however, overstressed only in the 
earlier period of its existence, which, by being over-stressed 
and suffering deformation, permit the origin of this distor- 
tion to be harmlessly met in some other way. In such a 
case the injury done to that part does not, of necessity, lead 
to any culmiaatiag disaster ; indeed, were it not for this 
plasticity it is probable a large number of bridges would fail 
after being in use but a short time. As for rivetiug, so in 
dealing with the amount of stress to which a member is 
supposed to be liable, it should be clearly understood by what 
method this has been arrived at, whether the value assigned 
is the actual measure of the stress, or simply the conventional 
amount arrived at ia the conventional way ; perhaps neglect- 
ing web section ia plate girders, or without regard to the 
various influences which may reduce or increase the nominal 
amount of stress, or including only a partial recognition of 
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those influences. In any case quoted the stress named is 
that at which the author arrives by the ordinary methods of 
computation carefully applied, where these appear to be 
suflBciently precise, unless any qualifying remark be added. 
Extreme flange stress is in special cases computed, first on the 
gross section by estimating the moment of inertia on that 
basis, and deducing the stress at the holes from the ratio of 
net to gross section at the extreme fibres ; a method more 
correct than by reference, to the moment of inertia of the net 
section. Any exhaustive refinement in the study of stresses 
is not attempted, both because it is beyond the author's 
powers of analysis, and for the reason that such results are 
not comparable with the results of ordinary methods of cal- 
culation in practice. Effective spans are taken at moderate 
values, and all exaggeration is avoided. 

The effects of impact in any part vary so much with 
nearness to, or remoteness from, the living load, and the 
frequency of development of the maximum stress from all 
causes acting together is so much affected by the same con- 
sideration, that it is apparent a nominal stress which may be 
harmless in one part of a bridge may be destructive in some 
other, a statement borne out by observation. Stress, as 
ordinarily stated — ^i.e., at so much per square inch, uniform 
across a section— is seldom a cause of trouble. In nearly all 
cases of failure there is an accompanying localised destructive 
stress, either in rivets or elsewhere, with crippling or deforma- 
tion of some essential part. In the tension flanges of main 
girders with uncomplicated stress, this may run up to an 
amount very considerably beyond the ordinary limits without 
producing signs of distress. The same remark applies to the 
compression flanges, if these be in themselves sufl&ciently 
stiff, or properly restrained from side flexure. In support of 
the above statement may be quoted the following instances 
relating to wrought-iron structures : — 
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A bridge of 60 feet effective span, having girders 
immediately under the rails, had a flange stress of 6 • 3 tons 
per square inch. Another of 64 feet span, carrying two lines 
of way, with outside main girders and cross-girders, had the 
flanges of the former stressed to 6 • 8 tons per square inch. 
A third, of 76 feet span, of similar construction to the last, 
was stressed in the main girder flanges to 7 • 5 tons per square 
inch. The webs were not included in the computation ; the 
figures, therefore, compare with ordinary practice. In these 
three cases the main girders showed no signs of distress, 
referable to the results stated, though the top flanges in the 
last case were curved inwards. The effect of this flexing of 
the flange would be, of course, to increase the amount of 
compressive stress along one edge, though to what degree 
cannot now be stated. 

A further instance of considerable flange stress occurred 
in a bridge of seven nearly equal continuous spans, 25 feet 
generally, the end and greatest span being 29 feet 6 inches, 
centre to centre of bearings. Some details of the bridge are 
given in Figs. 43 to 45. The four inner main girders 
under rails were 2 feet deep, with webs ^ inch thick over 
piers, and f inch at abutments, having flanges of two L bars, 
3 inches by 3 inches by f inch. There were also two 
outer girders of the same depth, with single L bars. Plate 
diaphragms of fuU girder depth and particularly stiff were 
carried right across the bridge at the centre of the spans, 
and over the piers. The girders, though evidently designed 
to be continuous, had very poor flange joints at each bearing, 
of little more than one half the flange strength (see Fig. 45). 
It is doubtful if the girders acted with strict continuity for 
long after erection, as the excessive stress in the rivets of the 
flange joint would, for that condition, have been nearly 
suflScient to shear them. It is probable that this being so, 
the joints first yielded, relieving the bending moment over 
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the piers, and increasing it near mid-span. Whether the end 
spans be considered as strictly continuous with the rest, or 
as simple beams, the maximum bending moments would not 
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greatly differ, though occurring for continuity over the pier, 
for free beams at the centre. There is, however, an iuter- 
mediate condition which makes the moments at these two 
places less than either maximum, but equal to each other ; 
a condition of semi-continuity agreeable to a partial efficiency 
of the joints referred to. It is this state which has been 
calculated, giving the minimum stress value that can be 
accepted. The diaphragm has been assumed to transfer to 
the outer girders a due proportion of the load. With this 
explanation it may now be stated that, under engine loads 
corresponding to those running, the flange stress worked out 
at 7*4 tons per square inch tension, web included, or 9*7 
tons per square inch without considering the web ; which 
stresses, it is more than probable, may have been greater. 
The figures include the consideration of anything which may 
contribute to lowering the stress, and are hardly to be com- 
pared with those worked to in ordinary design of new work, 
in which it would be quite usual to neglect the assistance of 
the outer girders and the webs, to work to heaviest engine- 
loads, and possibly include an allowance for the effects of 
settlement. Dealt with in this way the girders would seem 
to be of about one-fourth the strength that would be required 
in the design of a new bridge, iu which certain elements of 
strength would be dehberately ignored. 

The ironwork was in good condition, there was no ordi 
nary evidence of weakness apart from the calculated results, 
the vibration was distinctly moderate, and the deflection, 
though not recorded, was certainly small. The bridge did, 
indeed, seem somewhat inert under load, and favours a 
suspicion, the author entertains, that old girderwork long 
overstressed may have a sensibly higher modulus of elasticity 
than newer work at more moderate stresses. The traffic was 
not very considerable, and both roads, of the same spans, 
but seldom loaded at the same time ; though with this con- 
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struction of bridge there would in either case be very little 
difference. The author recalls no reason for supposing that 
the piers had yielded in any sensible degree. The bridge 
was rebuilt after some thirty-sis years' use. 

Stress of considerable amount in the flanges of a latticed . 
main girder of 63 feet span has already been noticed in the 
chapter on " Eiveted Connections," which for the tension 
boom worked out to 7 • 1 tons per square inch, the flanges 
in this case showing no signs of weakness. An instance has 
also been given in dealing with a case of side flexure in 
which the extreme fibre stress was calculated to be 10 tons 
per square inch, the girder recovering its form when reUeved 
of load. 

As to stress in cross-girder flanges, an example may be 
quoted of a bridge of 109 feet span, carrying two roads, 
having outside main girders, with cross-girders between ; 
these latter were stressed in the flanges to 6'7 tons per 
square inch (webs not included), if the partial distribution 
among the girders (which were spaced 6 feet apart) by the 
rails and longitudinal timbers be neglected. There is some 
reason to think in this instance that distribution had the 
effect of reducing the stress quoted, as the observed deflec- 
tion of the cross-girders was materially less than that calcu- 
lated for girders acting independently of each other, though 
this may be in part due to a cause already hinted at. 
Rigidity of the cross-girder ends, where attached to the 
heavy main girders, would also tend to moderate the stress. 
No very definite conclusion can therefore be deduced from 
this instance. 

To take another case of less uncertainty, the bridge of 
35 feet span (see Fig. 33), referred to in " Riveted Connec- 
tions," may again be cited. The extreme fibre stress in the 
cross-girder flanges worked out at 6 • 3 tons per square inch, 
web iacluded, or 6 " 5 tons, exclusive of the web. It cannot 
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be said in this example that the girders showed no signs of 
weakness, as the deflection under live load was \ inch on the 
span of 11 feet, in addition to a permanent set of \ inch, 
largely due, however, to " working " rivets. 

A better and altogether conclusive case of the way in 
which cross-girders may occasionally suffer considerable 
stress, and show no sign, is furnished by two cross-girders, 
of which some particulars are here given. These girders 
occurred in the floor of a very acute angled skew bridge, 
riveted at one end to the main girders in a manner which 
was very far from fixing the ends, resting at the other end 
on a masonry abutment. The first girder was about 19 feet 
effective span, 12 inches deep in the web, with angle bar and 
plate flanges. The girders were spaced 6 feet apart, and 
were connected under the rails by T-bars, cranked down to 
face the webs, and riveted through. Though these T's had 
little stiffness, yet the frequent vertical movements of the 
girders relative to each other, under passing loads, had broken 
the majority of the T-bars at the bends, so that no notice 
need be taken of these as transferring load from any one 
cross-girder to its neighbour. The floor covering consisted 
of timbers about 4 inches thick, also incompetent to transfer 
any sensible proportion of the load on a girder to others 6 
feet distant. Upon the floor was cinder ballast, with sleepers, 
chairs, and ordinary bull-headed rails. The stress to which 
the girder was liable works out at 8 • 4 tons per square iach, 
on the extreme fibres of the net section, web included ; or 
9'1 tons, neglecting the web, under engine-loads of a 
common amount. The other girder had an effective span 
of about 22 feet, as before 12 inches deep in the web, with 
angle bar and plate flanges. The stress per square inch was 
10*5 tons, web included, or 11 -1 tons per square inch, 
neglecting the web. This girder carried three rails, one of 
which was near to the abutment bearing, so that there was 
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no great difference in the stress induced whether all three raUfi 
were loaded or the pair only. The traffic over the bridge 
was very great, but of moderate speed. It must have been a 
common occurrence for the girders to take the full loads. 
The heavier engines passed scores of times in a day — lighter 
engines probably one hundred times. The bridge was about 
twenty years old, yet these cross-girders, when removed, 
showed no other sign of age and wear than that due to rust. 
All the foregoing instances relate to wrought-iron bridges. 
Two cases of steel construction are here added, the first of 
these furnishing an example of high girder stress somewhat 
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remarkable. This was found in a trough girder of a strange 
pattern, of which a section is here given (Fig. 46). The 
bridge to which it belonged carried a siding, over which 
engines of less than the heaviest class sometimes passed at a 
crawling pace. The larger of the two girders carrying the 
rails was 15 feet 8 inches effective span. The sides of the 
trough consisted eaoh of two vertical plates, originally ^ inch 
thick, but wasted to an aggregate thickness of f inch. 
These plates 6 inches deep, were connected at their lower 
edges to angle bars, 3 inches by 3 inches by i inch, which 
again were riveted to a bottom plate 16 inches wide, 
originally J inch thick, wasted to f inch. Lying in the bottom 
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of the trough, and riveted through the inner angle flanges, 
was a bridge-rail. Assuming that the metal retained its 
elastic properties from top to bottom of the section, at 
whatever stress, this works out at 32 tons per square inch 
at the extreme top fibre, and 15 tons at the bottom, on the 
net section. As puddled steel, of which the girders were 
made, may have a tenacity of 45 to 55 tons per square inch, 
the assumption is probably correct. The author has no 
record of the deflection, but it may be remarked it was 
such that to stand under the girder, with a tank engine 
passing over, required some determination., 

A point of additional interest in this little bridge is that, 
though made of steel, it dates as far back as 1861, having 
been in use thirty-two years when removed. The particular 
variety of steel used was known as Firth's puddled. The 
evidence of this consists in correspondence showing that per- 
mission had been asked of the controUing authority, by the 
only users of the siding, to apply this material, with no evidence 
of any refusal. At about the same time this steel was also 
used upon the railway concerned in the top flanges of some 
girders of considerable span. The appearance of the -trough 
girders to which the foregoing particulars apply was dis- 
tinctly different to that which might be expected in ordinary 
wrought iron. The top-edges oi the vertical plates were 
wasted away, smooth, and rounded in a manner strongly 
suggestive of a steely character. Finally, the way in which 
the girders held up to their work for so long is, by itself, 
conclusive on the point. The bridge-rail appeared to be of 
wrought iron, the different modulus of elasticity of which 
has been included in the calculation upon which the prece- 
ding results are based. That these girders stood so well is, 
perhaps, largely due to the fact that the load carried by them 
was, though varying within wide limits, practically free from 
impact, which, had the load passed over quickly, would, with 
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girders so small, shallow and flexible, have been very sen- 
sible. 

The second instance of steel construction in which some- 
what high stress is manifest is that of some steel troughing of 
the Lindsay pattern, used in a bridge built in 1885. The 
troughs ran parallel to the rails, having an effective span of 
18 feet 8 inches. The depth of the section (which is shown 
in Fig. 47), was 8J inches, making a ratio of depth to span 
of TfV- The road was of ballast, sleepers, chairs, and 85-lb. 
rails. 

Assuming this to be carried on six troughs, which corre- 
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spends to 11 feet 3 inches of width, the extreme fibre stress 
works out at 7 • 5 tons per square inch, under usual engine- 
loads. The bridge when examined after fourteen years' use was 
in good condition, and at that time but Htle rusted ; but the 
end seam rivets were, as is not uncommon with such trough- 
ing, loose. The traflSc over the bridge was considerable, but 
not at great speed. 

On the opposite page are set out the results which have 
been given, in tabulated form, as was done for rivet stresses, 
to enable ready comparison to be made. 

It would be unwise to infer from the instances which 
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have been quoted that high stress may be regarded with 
complaisance. In the most conscientious engineering work 
there should still be a liberal margin for material possibly 
defective, or even bad, for waste and deterioration, and for 
the aggregate effect of minor errors in design, any one of 
which considerations, except the first, by itself might not be 
of great importance. The conclusion which may, however, 
be derived from this and the previous chapters is, that bridge 
failures are less likely to occur from high stress of a kind 
readily calculated than from failure in detaU, obscure and 
Uttle suspected, the reason for which is not perhaps apparent, 
till the attention is forcibly directed to it by the refusal of , 
the structure to sustain the forces to which it may be liable. 
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CHAPTEK VII. 

DBFOEMATIONS. 

Insteuctive lessons are to be had from a study of the 
various alterations in form to which metalhc bridgework is 
liable, which alterations may be due siniply to the develop- 
ment of stress of ordinary amount, and are then generally 
small ; or to abnormal stresses, the result of some distortion 
in the bridge structure itself not originally intended, and 
possibly extreme. In addition to these there may be defor- 
mations due to settlement, to "creeping" of parts of the 
structure relative to the rest, to temperature changes, to rast, 
and to original bad workmanship. In any instance quoted 
below the methods adopted to ascertain the amounts of such 
alterations were quite simple, even crude ; but as care was 
exercised, and no attempt made to measure any very minute 
changes, the results may be accepted as practically correct. 

Dismissing for the present changes of form such as are 
to be expected, and touched upon ia other places in this 
work, with respect to the particular parts of bridge struc- 
tures affected by them, a few instances will be adduced of 
alterations which, though not very surprising, are such as in 
the design of the work are hardly likely, in most instances, 
to have been contemplated. 

A case has already been referred to in which, owing to 
eccentric loading of main girders, these were, as to the top 
flanges, flexed sideways a considerable amount. It is pro- 
posed to supplement this by further remarks relative to 
somewhat similar cases. A hke effect is frequently to be 
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observed in trough or twin girders, in which the rails are 
supported upon longitudinal timbers resting upon projecting 
ledges formed by the bottom angle-bars of such troughs. 
In old forms of this arrangement it is common to find the 
two girders forming the trough connected only by bolts 
passing through the timbers, or just above them and below 
the rails ; or connected by narrow strips, which serve no 
other purpose than to prevent the sides spreading at the 
bottom. The top flanges in such cases commonly curve 
inwards on the passage of the running load, accompanied of 
necessity by an increase of compressive stress upon the outer 
edges of the flanges, and perhaps by the working of any 
flange-joint which may exist. This, both as to flexing of 
the top flange and the working of a joint, was noticed -in 
the case of a bridge twenty-three years old, very similar to 
that illustrated in Figs. 8 and 9, a,nd described on pages 13 
and 14. The top flange consisted, however, of a bridge rail 
riveted to the top edge of the web, butting at a joint, and 
covered by thick cover strips (see Fig. 48). The joint itself 
was poor, and depended largely upon the character of the 
butt, which was not sufBciently good to prevent the top 
member kinking at this point, under the joint influence of 
transverse effort and compressive stress, with possibly some 
help from bolts passing through timber and webs, though 
these being loose, the author does not think them at all re- 
sponsible. Although not strictly relevant, it may be remarked 
in passing that it is very objectionable to use bolts as was 
done in this instance ; for as the timber settles down on its 
seat, taking the bolts with it, these bear hard in the webs, 
enlarging or even, as in this case, tearing the holes, accom- 
panied by injury to the bolts themselves. The practice is 
now almost obsolete, but the example is instructive as showing 
the impropriety of securing timbers by bolts passing through 
them at right angles to the action of the load, unless these 
bolts are quite free to move with-the timber as it compresses. 
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If trough girders must be used, the better plan is to 
connect the two sides by a continuous bottom plate, the 
trough thus formed being properly drained, if the timber 
is not bedded in asphalt concrete ; or to introduce stiff 
diaphragms at intervals beneath timbers, if the depth 
suffices. 

In the case just quoted the curvature of the top members 
of the girders was inwards, but in the instance given below, 
of twin girders 26 feet effective span, with longitudinal 
timbers between, resting, as before, upon the inner ledge 
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formed by the bottom flanges, the curvature was observed in 
three out of four girders to be ^ inch in a contrary direction, 
the fourth remaining straight. 

An inspection of the accompanying section, Fig. 49, will, 
perhaps, render the reason evident when it is noticed that 
the top members are very nnsymmetrical in form, the effect 
of this being to give these members, under stress, a strong 
tendency to flex outwards, apparently more than sufficient 
to counteract the tendency of an eccentric application of 
load on the bottom flange to bring them inwards. It is to 
be observed that the eccentricity of the flange appears to be 
not materially in excess, and is actually so, only because the 
thinness of the web — J inch — renders it incompetent to keep 
the bottom flange up to its work, and so secure the full 
effect of the eccentric loading in limiting the outward ten- 
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dency, due to the section of the top member, the effects of 
which are thus more apparent than would have been the 
case with a stiffer web. Ties across from one bottom flange 
to the other prevpnt the want of sjTnmetry noticed in these 
— ^which, by the way, is on the wrong side for utility — ^from 
having any particular effect. 

To give one other example of the consequences of eccen- 
tric loading, a bridge of 48 feet effective span may be quoted. 
This bridge carried four Hnes of way supported by five main 
girders, trussed by kicking-struts in such a manner as to form 
a bastard arch. A part section and plan are given in Figs. 
50 and 51. 

The floor consisted of Lindsay's troughing resting upon 
the lower flanges of the main girders, the three middle 
girders, subject to eccentric loading, sometimes on one side, 
sometimes on the other, were, with dead load only, straight ; 
but the two outer girders, liable to loading only on one side, 
had, under repeated applications of such a load, assumed a 
permanent curve towards the rails — \% inch in one case and 
1 inch in the other — which curvature, no doubt, increased 
when a live load came upon the contiguous roads, though 
this was not measured. It should be remarked in passing 
that, owing to settlement and the canting of the abutments, 
the three middle girders were also " down " — in one case f 
inch. The girders, with one near road loaded, deflected \ inch 
— ^greatly less than would have been the case had the main 
girder not been trussed. The bridge, at the time these par- 
ticulars were obtained, had been in existence six years. 

Deformations due to settlement may be very considerable 
The author recalls two instances affecting continuous girders. 
In the first of these, a bridge twenty years old, of two spans 
of about 50 feet each, and with girders 4 feet 6 inches deep, 
the centre pier had sunk 4 inches, reducing the spans, as 
respects the dead load, practically to the condition of simple 
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Fig. 50. 




Fig. 51. 
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beams, just resting, but hardly bearing, upon the piers when 
free of live load. 

In the second case, also of two openings of about 55 feet 
each, with girders 8 feet deep, one abutment had sunk about 
3 inches, more than doubling the stresses over the centre 
pier. It is manifest that continuous girders should only be 
adopted where settlement of the supporting points is not 
likely to occur to any material degree. If this cannot be 
relied upon, the theoretical flange sections may hardly be 
worked to with any prudence ; it being then advisable to 
make a liberal allowance for settlement stresses, in which 
case any economical advantage that should exist will probably 
disappear. It is, however, to be acknowledged that so long 
as the girders are in touch, under dead load, with the bear- 
ings intended to support them, the stresses due to a live load 
are unaltered, the principal effect in this case being that the 
variation in stress due to the live load ranges between limits 
that are higher or lower in the scale of stress than is the 
case with bearings undisturbed ; still, if it is desired that 
the maximum stress shall not exceed, say, 6 tons per square 
inch, it can hardly be a matter of indifference that settlement 
shall induce a maximum of, perhaps, 10 tons, as in that case 
the stress must be 4 tons nearer the limit of statical strength. 

Before leaving this matter it may be well to point out 
that in the case of continuous girders of uniform section a 
moderate settlement of the piers may even be advantageous 
by reducing the moments over the piers, and possibly making 
them equal to those obtaining near the middle of the spans, 
in which case there will be less inequality of stress in the 
booms and a reduction of the maximum stress. 

Bridges consisting of simple main girders connected by 
cross-girders may be very prejudicially affected by unequal 
settlement ; for instance, if one girder bearing settles more 
than the others, a twist is put upon the structure very trying 
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to the floor-girder connections, and possibly to the main 
girders ; to the web if a plate girder, or to the verticals if 
an open-webbed truss with rigid cross-girder attachments. 
Indeed, settlement of this kind may be much more destruc- 
tive to a metallic bridge than to an arch of brick or masonry, 
the commonly accepted opinion notwithstanding. 

Instances of deformations due to the creeping of some 
part of the structure away from its work, are within the 
author's knowledge, rare ; except in the case of the ends of 
main girders in skew bridges, already referred to. 

Distortion, the result of temperature changes, is fre- 
quently to be observed in any considerable length of girder 
flange or parapet where there is not freedom of movement, 
unless due provision is made to check it. 

It is quite common to see parapets out of Une, either 
because the ends are not free, or because the Hght work of 
the parapet being more exposed to the sun's rays than the 
girderwork to which the lower part is attached, expanding 
to a greater degree, is subject to considerable compressive 
force, and buckles under its influence. The cure for this 
condition is obviously to provide such parapets with free or 
flexible joints at moderate distances apart, or to make the 
parapet sufficiently stiff to take the stresses developed, with- 
out crippling. A parapet may also go out of shape if directly 
attached to the top flange of a girder liable to heavy loading, 
particularly if the girder be shallower than the parapet, 
simply by its inabihty to maintain truth of line under the 
compressive stress, which it shares with the top flange of the 
girder proper. 

Eivets spaced too far apart, by allowing the plates or 
other parts to spring open sUghtly, and permitting moisture 
to enter, results in the growth of rust, which, as it swells in 
forming, forces the parts asunder, and may set up consider- 
able stress. 
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Flat bars riveted together by rivets spaced 12 inches 
apart may from this cause be forced asunder, as much as J 
inch, sufi&cient to set up a stress, with any practicable thick- 
ness of bar, much exceeding the elastic limit. 

Local distortions may occur as the result of imperfect 
workmanship or careless erection, causing quite possibly very 
severe local stresses ; or girder flanges may be out of straight 
as a result of riveting up along one side first, instead of 
advancing the riveting simultaneously along the whole 
breadth of the flange. The injury done by drifting is well 
known, and there is reason to think considerable damage is 
sometimes done to girderwork during manufacture by rough 
treatment to make the work come together ; but the author 
has little to offer with respect to these matters that is not 
common knowledge. It may, however, be pointed out in 
passing that a bridge upon the design of which great care 
has been expended, with the idea that theoretical propriety 
shall not be violated, may be completely spoUed in this 
respect by careless construction. Fortunately, both steel 
and wrought iron, if of good quality, are long suffering. 
Incompetent erection wUl sometimes result in the true girder 
camber not appearing, or in differences as between girders 
supposed to be similar. This is not, of course, a deformation 
in the sense in which the word has previously been used, but 
it is desirable to bear the fact ra mind as a possible cause of 
defective camber in dealing with questions of deformation. 

The foregoing has reference chiefly to alterations of form 
in bridgework of wrought iron or steel, but a case of con- 
siderable interest is that of a cast-iron arched structure, of 
which the author made a very complete examination. 

This bridge, built in 1839, and carrying two lines of 
railway, consisted of three spans, 100 feet each, of 10 feet 
rise, made up of four inner and two outer ribs, each rib 
being in three nearly equal parts ; the floor was of timber, 
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the abutments and piers of masonry. As originally con- 
structed there was no bracing between the ribs other than 
the frames indicated on the plan here given (Fig. 52), 
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stretching from outer rib to outer rib in the neighbourhood 
of the rib joints, which were simple butts without bolts or 
any equivalent means of connection. The floor was, how- 
ever, braced in the horizontal plane, and the structure was 
also braced over the masonry piers. After forty-two years' 
use supplementary distance-pieces were introduced between 
the ribs, but still no bracing between them, or any efficient 
means of checldng lateral movement. A crack developing 
in one of the outer ribs at the crown, led to an investigation 
to trace the cause, the bridge then being fifty-four years old. 
Careful plumbing of the abutments revealed the fact that 
three out of four abutment pilasters were out of the vertical, 
as shown in Figs. 52 and 53, the greatest amount being 
I inch in 6 feet — at that comer from which the cracked rib 
had its springing ; there was also other evidence of settle- 
ment in an old crack extending from the top of the abutment 
to the ground level, although this movement was very old, 
certainly as to the greater part. The ribs of this span were 
also out of plumb, that which was cracked being 2J inches 
out at the centre. The joints of the ribs, which, as already 
stated, were simple butts, in some cases opened and shut, as 
'the load passed over, in such a way as to suggest that the 
ribs were acting, in a manner, as four-hinged arches, of 
which two hinges were at the springing, and the other two 
at the joints, one of which would for most positions of the 
load be out of use, reducing the rib to the three-hinged con- 
dition ; in other words, as the rolling load passed over the 
span, one or other of the two joints of a rib would " gape " 
an appreciable amount at the bottom or at the top. Obser- 
vations were taken by means of a theodolite placed below, 
either upon the bank or upon the tops of the masonry piers, 
sighting upon suitable scales attached to the ribs to ascertain 
the amounts of vertical and horizontal movement during the 
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passage of trains over the bridge. The principal results are 
set forth in the following table : — 

Movements of Oast-Ibon Eibs under Live Load in a Bridge 
OF Three 100-Ft. Spans. 





Fall in 
Inches. 


Else in 
Inches. 


Lateral 
Movement 
in Inches. 






Spam, No. 1. 






At A. 

„A. 

t,. B. 


Up load loaded . 
Dovto road loaded 
Down road loaded 


■20 
•08 
■14 

Span No. 2. 


■08 

■03 

No record. 


■04 
•04 
•02 


Ate. 

,, c. 


Up road loaded . 
Down road loaded 


•40 
■10 

Span No. 3. 


■13 
•05 


Slight. 


AtD. 
„D. 


Up road loaded . 
Down road loaded 




■22 
■15 


No record. 

Slight. 


No record. 
Slight. 



Note. — The lateral movements are to either side of the mean 
position. 



The particulars for spans 2 and 3 were obtained with 
the instrument set up on the pier between these spans. The 
tremor of this pier was such that no useful readings for 
lateral movement could be obtained. Further, as the roUing 
load came upon these spans, the effect was to rock the pier 
to an extent vitiating the readings for vertical displacement ; 
but by sighting upon the fixed abutment, and observing the 
amount of this rocking, suitable corrections were made in 
the apparent rib movements. The figures given in the table 
are thus corrected. The pier rocking was equivalent, as an 
extreme, to an inclination from the vertical of 1 in 3200. 
An attempt to measure the horizontal movement of the pier- 

G 2 
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top was unsuccessful, owing to the impracticability of setting 
up the instrument in a suitable position, sufficiently near to 
the pier to enable readings to be satisfactorily taken. This 
horizontal displacement probably amounted to about ^ inch 
either way. The rise and fall of the arches, and rocking 
either way of the piers, varied, as might be expected, in 
accordance with the position of the running load with respect 
to the spans. Summarising the results, the greatest vertical 
movements downwards were 0'20 inch, 0*40 inch, and 0*22 
inch for spans Nos. 1, 2, and 3, the upward movements being 
0"08 inch and 0"13 inch for the first and second spans, 
there being no recorded result of this kind for the third 
span. With adjacent ribs loaded, the movement of the 
ribs unloaded was one from one-third to one-half of the full 
amounts. It is to be noted that the lateral displacement in 
no case exceeded 0"04 inch either way, nor were the vertical 
movements exceptional ; yet, as a matter of sensation, when 
seated upon the ironwork, it was a little difficult to beUeve 
them really so moderate. Observations were also made to 
ascertain the rise of' the arches from winter to summer tem- 
peratures, with the result that this was found to be 0'45 
inch, 0*45 inch, and 0*55 inch for the spans in order, the 
extreme temperatures being fairly representative of the 
English winter and summer. The structure was, as a con- 
sequence of the examination, efficiently braced by diaphragms 
between the ribs, and diagonals following the arch ribs round 
from springing to springing, with satisfactory results. The 
crack akeady referred to, and its probable causes, will be 
dealt with under "Cast-Iron Bridges." Eventually this 
bridge was reconstructed to meet the requirements of growing 
engine-loads. 
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CHAPTBE VIII. 

DEFLECTIONS. 

Deflection, considered only as a fraction of the span, and 
without regard to other conditions affecting it, is of very 
little use as an indication of a girder's fitness for its work ; 
but when taken with reference to the depth of the girder, 
the nature and amount of the load producing flexure, and, 
further, with regard to the quality of the workmanship and 
normal properties of the material of which the beam is con- 
structed, it may be of some little service in helping to form 
a reliable opinion. This consideration applies with less 
force, perhaps, to new work than to old, in which there may 
be unknown influences at work, or unknown defects which 
by excessive deflection may be betrayed. Though too much 
importance should not be attached to results of deflection 
tests in any one instance, yet the practice of observing such 
movements, and considering them with reference to each 
case, gives a good general idea of what may be expected in 
a fresh instance, any material departure from which should 
be a reason for specific inquiry as to the cause. A further 
reason with new work is found in the evidence it affords as 
to whether the loads carried travel to the supports really as 
intended, or by some route not contemplated ; or, in the case 
of floor beams, in what way the load is distributed amongst 
them, if, indeed, there be any such distribution. 

The author has commonly found that new work gives 
greater deflections than old — i.e., while calculation gives 
the same result for each, it does not apply equally well to 
both. The differences may be accidental, but are probably 
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due to other causes, perhaps to the fact that new work has 
not by repeated applications of load lost the resilience of 
parts liable to considerable local stress, such as is very liable 
to occur at connections, so that the deflection is, whilst new, 
greater than after many years' "use, by which time such parts 
may develop a definite " set," and contribute in a less degree, 
or not at all, to the total elastic deformation. 

It is also possible, as already suggested, that repeated 
high stress may reduce the ratio of strain to stress, the 
material gradually becoming more rigid, the modulus of 
elasticity being, in fact, increased. 

In girders of ordinary construction, the major part of, 
the deflection is due to the booms, the remainder to the web ; 
the latter is for plate girders a small amount only, and is 
commonly neglected, but for open web constructions it may 
be quite appreciable. For any given type of web arrange- 
ment the deflection due to the web will, for all depths, remain 
a constant quantity for the same span and unit stress ; and. 
though a moderate fraction of the whole deflection for a 
shallow girder, it may be a very considerable part for a girder 
of great depth, in which that part due to the booms is, of : 
course, smaller, since the deflection due to ■ these varies 
inversely as the girders' depths. 

Deflection, being dependent upon the elasticity of the 
material, is of necessity very largely influenced by the value 
of its modulus E, itself liable to considerable variation, and 
is iacreased in a small degree by the yield of joints and rivets, 
which effect, apart from the initial "set" of the girders, 
appears to be neghgible. The stiffness of members in resist-; 
ing angular distortion at connections must also, for open-web, 
riveted structures, affect the result, making it somewhat less, 
and, finally, section excess at joints and gusset attachments 
has an influence in modifying deflection as compared with 
that due to the normal gross sections simply. 
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From these considerations it is apparent that any simple 
deflection formula must be largely empiric in its nature. 
For plate girders of uniform depth and flange stress, the 
writer has found the following to give good results : — 

=^ ^ X f = deflection in inches. 

D X C •' 

The span S and depth D are, as a matter of convenience, 
taken in feet ; the constant is for wrought iron 3500, and 
for mild steel 4000 ; / is the mean of the extreme tensile 
and compressive stresses of the booms, in tons per square 
inch, estimated upon the gross sections. 

This, though satisfactory for plate girders, is not so suited 
to girders having open webs, in which the deflection will 
more nearly be 

\G ^Bxg)^-'' 

the constant C being 3900 and 4450 for iron and steel re- 
spectively. The latter values of C correspond to normal 
values of the modulus of elasticity of 11,700 and 13,350 tons 
for iron and for steel, it beiag assumed that any sUght rivet 
yield is off -set by any small section excess— say, 5 per cent. ; 
it may, however, happen that section excess is greater than 
assumed, in which case some allowance may properly be made 
for this by increasing C. 

To adapt the formulae to girders other than those having 
parallel booms and uniform stress, the results, as deduced 
above, may be multiplied by constants given in column B of 
the Table given on page 93. 

The practice of adopting for E in deflection formulse a 
quantity much smaller than its nominal amount, with the 
object of allowing in riveted girder work for the yield of 
rivets and of joints, can hardly now be defended, whatever 
may have been a case at a time when workmanship was much 
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inferior, when there was no machine riveting, and joints 
were, owing to the small weight of plates and bars, three 
times as numerous. 

The initial " set " of a girder consequent upon first loading 
is a quantity quite distinct from deflection proper, and may 
be so small as to be negligible, or read 10 per cent, of the 
true deflection, varying with design and workmanship. 

No estimate of girder deflection can be even approximately 
true if there is, at the level of the top or bottom flanges, a 
plated or otherwise rigid floor system which is not taken into 
account, as this will have the effect of very materially reduc- 
ing the boom stress. To neglect this influence, where it 
exists, must necessarily lead to disappointing results, and it 
is quite practicable in many instances to include it in the 
calculation. 

The influence of angular distortion between the various 
members has been neglected. It may be pointed out, how- 
ever, that the resistance accompanying these movements in 
girders having riveted connections, though unimportant as 
affecting deflection, is worth some consideration in regard 
to secondary stress. For girders of similar type and unit 
stress these angular variations will be the same in amount 
for any span, biit will generally be of less importance iu large 
girders than in small, because in large girders the ratio of the 
breadth of members to their length is commonly less. 

When determining the probable deflection of any girder 
of exceptional flgure, it will be found convenient to make a 
straia diagram — an old device, in which the actual alterations 
of length being ascertained for all members, the girder is 
carefully set out to a suitable scale, with the lengths of 
members increased or reduced by the actual estimated 
amounts. The distorted figure resulting will then give the 
probable deflection. The value of E for this purpose should 
never be taken at less than the normal amount, and may for 
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a considerable excess of metal in joints and gussets be made 
as much as 10 per cent, greater, this being a convenient 
means of making the necessary correction. 

The effect of loads quickly applied may here be con- 
sidered in connection with elastic deformations of girders 
of the same span, but different depths. If these be designed 
for similar loads and unit stresses, the deflections due to 
webs and booms of the girders compared will bear the same 
relation, each to each, as do the weights, whether in both 
cases the loads be inert or quickly applied, from which it 
follows that the mechanical " work " done by the loads in 
falling through the deflection heights is, neglecting inertia, 
always in proportion to the girderwork weights, and is a 
similar amount per ton, which as the total length of mem- 
bers remains substantially unaltered, corresponds to a similar 
amount of work per unit of section, or similar stress, irre- 
spective of the depth of the girders. 

But for a " drop " load, as when there is some obstruction 
upon a railway bridge, there will be in addition a further 
amount of work to be absorbed, which is to be considered 
the same whatever the girder's depth, and will for deep 
girders be a larger amount per ton of girderwork than ia 
those that are shallow ; this, taking effect on members of 
the same aggregate length, but lighter, will develop a higher 
stress than in girders of lesser depth, more particularly in 
the booms. 

The influence of the girder's inertia in modifying drop- 
load effects will also be less marked in deep — i.e., light — 
girders than in girders shallow and heavy. 

It is, notwithstanding all this, desirable that the depth 
of main girders should be liberal for economy's sake, and 
also that of floor beams, for reasons already dealt with ; the 
probability of the drop load is somewhat remote, and, though 
possible, would simply induce, if it occurred, an increment 
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of stress rather more important in deep girders, making it 
specially desirable in these to give particular attention to 
the detailing of any connections liable to suffer from impact 
effects. 

It should be remarked that for short and very flexible 
beams, generally outside the limits of practice, there may 
also be, under quickly moving loads, a material increase of 
stress due to the centrifugal effort of the load on running 
round the deflection curve, and in rising upon the steep part 
of the curve beyond the girder's centre. Where advisable, 
these effects may be modified by cambering the rail. 

For pin bridges in which there may be spring in the 
pins, excess stress in some eye-bars due to inequalities of 
length, and a want of that rigidity peculiar to riveted struc- 
tures, the deflection will be greater than above indicated for 
girders of the ordinary English type. 

The method in common use for measuring the deflec- 
tions of girders but a moderate distance above the ground 
by means of sliditig-rods, though crude, gives, with care, 
results sufficiently accurate for most practical purposes ; but 
some points necessary to remember may be mentioned with 
propriety. The lower rod should rest firmly upon something 
solid, say a stone, well bedded and free from any tendency 
to rock ; the upper end should bear against some part of 
the girder above, presenting a hard surface, free from dirt 
or scale, and as the running load approaches the bridge it 
should be ascertained that there is no slack, that the rods 
bear hard at the top and bottom. The upper end having 
been depressed, care is to be exercised to make sure of the 
reading before the rods alter their relation to each other. 
These precautions are so self-evident that an apology is- 
almost necessary for mentioning them. 

To ascertain deflections with a single pair of rods is only 
allowable when the girders rest firmly on their bearings ; if 
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felt has been placed under the girder ends, or if the bed- 
stones are insecure or rocking, it is necessary to use three 
pairs of rods, one pair at the middle and a pair at each end, 
in which case the mean of the two end readings must be 
deducted from the reading of that at the centre to get the 
desired result. 

In the case of a number of spans in series, each resting 
upon sill girders common to two sets of bearings, this 
method also gives results of indifferent reliability, as the 
depression of each end may be greater as the travelling load 
comes upon and leaves the span than when it is precisely 
over the middle, and it is in general out of the question to 
secure by this mode simultaneous readings for a particular 
position of the running load, which are what is required. 

The author suggests, as a means of ascertaining deflec- 
tions free from these objections,, that it should be done by 
first measuring the slope at one end, and from this deducing 
the deflection at the centre. 

This is to be accomplished by means of a little instru- 
ment, consisting of a telescope with cross-hair sights, and 
fitted with a reflecting prism at the eye-piece capable of 
being turned round, so that the observer has a wide choice 
as to the position he assumes with reference to the instru- 
ment, and may look either directly through it, or at right 
angles to the axis of the telescope. This is clamped at one 
end of the girder over the bearing, at the other end a scale 
is secured, to which the . telescope is directed, the cross hair 
being made to sight on the zero of the scale, or the reading 
noted. For a girder supposed to deflect to uniform curva- 
ture (say, with uniform depth and uniform stress, the 
ordinary case) the reading observed will be four times the 
deflection ; every -^ inch actual reading on the scale will 
correspond to :jV i^ich of girder deflection. 

Apart from the deflection, this method gives a ready 
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means of observing the end slope, a quantity of equal value 
for purposes of comparison. As with girders of similar pro- 
portions, and similarly stressed, the deflection will at all 
spans be the same fraction of the span ; so should the end 
slope be a constant quantity under similar conditions, the 
diagram, Fig. 54, will make the principle quite clear. 




BeflectioTo dae\to FUuiges omhi. 




Total, deFLectioTo du/e tg.,ffeb AFUuiga 



Jlnoi.t). 



Figs. 54 to 57. 



Strictly the character of the deflection curve is slightly 
modified by that part of the deflection due to the web ; so 
that the depression at the centre would, in the case assumed 
above, be somewhat more than one-fourth part of the end 
reading, and generally will be a larger fraction of the read- 
ing than that deduced from a consideration of flange stress 
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simply. In Figs. 55 to 57, which are intended to explain 
this, it will be noticed that deflection due to the web is 
shown straight-lined from the bearings to the centre of the 
girder ; this is strictly true only for a girder correctly de- 
signed for an immovable distributed load ; but as there 
should be for girders intended for a travelling load, some 
excess in web members near the centre under the condition 
of uniform loading, the point of the figure should be rounded 
oflE to be in agreement with this case, though it is left as 
shown in the diagram for the sake of simplicity. 

Suitable constants, including the corrections necessary, 
are given in column A of the table annexed for a few typical 
cases, and by these constants the actual readings should be 
multiplied to find the deflection. The constants have been 
worked out for depths of one-tenth the span ; for greater 
depths they should be slightly more, and for smaller depths 
somewhat less, but they may be used between the limits of 
one-sixth and one-fourteenth, with a maximum error hardly 
exceeding 5 per cent., and generally much less. 

The figures in colunm B relate to the formulae previously 
stated, and apply equally well to all depths. 

Tables of Multiplibes foe Defi.ection. 

TJmform Stress : A. B. 

Girders of uniform depth, varying flange 

section 0-27 1-00 

Hog-backed girders, ends half of centre 

depth, varying flange section . . . 0-24 1"08 

Varying Stress : 

*Girders of uniform depth and flange 

section 0-32 0-87 

*Hog-backed girders (as above), but uni- 
form flange section 0-29 0-97 

*Bow-Btring girders of uniform flange 

section 0'16 1-30 

* For uniform loading. 
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It is apparent that, if preferred, the scale, instead of 
l)eing in inches, divided suitably, may, for each type of 
girder, be amplified to the proper degree, so that the amount 
of the deflection may be read off at once. 

This method of dealing with deflections is quite inde- 
pendent of the character of the bearings, and is applicable 
to girders at any height above ground or over water ; but 
its use would hardly be practicable for very small beams, or 
those in an awkward position, or near which it would be 
impossible to remain with a running load upon the bridge. 

There is a possible source of error in the use of the 
instrument, most likely to occur with triangulated girders, 
with which, if the instrument is placed at the top of an end 
post, the reading observed may be the joint effect of deflec- 
tion and of local flexure of the members meeting near the 
telescope. This may be tested, and, if necessary, allowed 
for, by first sighting upon a scale at the next apex, and 
observing the effect of the moving load. Again, as girders 
sometimes cant towards the running load, if the instrument 
is placed on one edge of a girder, and the cantings of the 
two ends are dissimilar, a false reading will result, which 
may be amended by ascertaining the amount of cant at each 
end, and correcting for the effect of the difference between 
the cants upon the observation. Only in exceptional cases 
is it likely that either of these considerations would need 
attention. 

The author has secured with this instrument very promis- 
ing results, notwithstanding that under a running load there 
is a slight haziness of the scale as seen through the telescope, 
due to "dither," largely the result of imperfections which 
may be remedied. 

Defiections may sometimes be conveniently taken, by a 
quick-eyed observer, with a good surveyor's level and a 
specially-divided staff held at the centre of the girder. The 
divisions preferred by the author for this purpose are ^V inch, 
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plainly marked, which may be seen at 50 feet distance with 
sufBcient clearness to make possible readings by estimation 
between the divisions to, say, ^V i^ich. But it is cleajly 
desirable not to rely upon a single observation only, where 
all the evidence is gone so soon as the sight has been taken. 
In rail-bearers, or other short girders, it may not be 
practicable to adopt such methods, either on account of an 
inability to find a suitable place for the instrument, or to 
read with any telescope with sufficient promptitude as the 
load passes rapidly over. The use of rods may also be out 
of the question, as the errors attending their manipulation 
may be serious where but a small movement has to be noted, 
this being complicated in some instances by the bearings 
being insecure, and working to an extent which obscures the 
measurement sought. In such cases it is preferable to use 
a stiff slat lying along the girder, which bears, through 
short blocks over the girder bearings, upon the flanges ; the 
deflection is then read by direct measurement of the girder's 
depression at the centre, relative to the slat. 

The author is, unfortunately, not able to give any pre- 
cise information on the effect of running-load as against a 
load that is stationary in connection with girder deflections. 
It is by no means easy in ordinary work upon a railway to 
secure facilities for making such comparative tests. It may, 
however, be confidently stated, as a result of such observa- 
tions as he has made, that the deflection due to a load coming 
rapidly upon a bridge is, as to the main girders of, say, a 
' 50 feet span, but little greater than that due to the same 
load stationary ; it may be, perhaps, 5 to 10 per cent. more. 
It is evident that to determine the precise difference 
where the quantity to be measured is so small needs appa- 
ratus of a more deHcate character than that in common use, 
and the control of an engine, or engines, for the purpose of 
making the special tests, conditions which on a busy line can 
only be secured by special arrangements previously made. 
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CHAPTEE IX. 

DECAY AND PAINTDHG. 

The author has collected particulars as to the amount and 
rate of rusting in metallic structures which are of some 
interest. In all such instances it is very necessary to note 
the conditions which have obtained during the process of 
wasting, as without this, misleading conclusions may be 
drawn. The information given relates in all cases to wrought 
iron, unless otherwise stated. 

A plate-girder bridge, having girders under rails, was 
found to be badly rusted. The atmospheric conditions were 
unusually trying, the air being damp and impregnated with 
acid fumes from adjacent steel works. That the wasting 
was largely due to this latter cause was indicated by the fact 
that the girders nearest to the steelworks suffered more than 
those farther removed and partly sheltered from the corro- 
sive influence. 

The webs were in places eaten right through, having 
lost a mean amount of about ^ inch full on each surface in 
twenty-eight years. Painting had not been well attended to. 

In a similar bridge, riot a great distance from this, but 
sufficiently far away to modify the conditions for the better, 
considerable wasting was also observed, but more particu- 
larly where the girders had been built into masonry, which, 
loosening with the constant movement of the girder-ends, 
had allowed moisture to collect, and rust to develop, without 
the chance of repainting these surfaces. The amount of 
waste at the places indicated was, as in the last case, about 
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■J inch on each face, and in the same time, other parts of 
the girders having suffered less. 

A third plate-girder bridge, with outer main girders, 
cross-girders, and plated floor, carrying a road over a rail- 
way and sidings, and which was known to have been 
neglected in the matter of painting, was very badly rusted, 
both as to the cross-girders and floor-plates. The atmo- 
sphere was somewhat damp ; the chief cause of deterioration 
was, however, the smoke and steam from locomotives, which 
frequently stood for some time, during shunting operations, 
directly under the bridge. The webs of the cross-girders, 
which were originally ^ inch thick, had rusted into occa- 
sional holes during fourteen years — i.e. -J- inch from each 
surface in that time. When removed a little later the 
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Pig. 58. 

wasting was so complete that it was possible to knock out 
with a light hanuner the remains of the web between flanges 
and stiffeners, so as to leave an open frame only. One of 
the cross-girders was so treated by the men engaged upon 
the work, when it presented the appearance shown in Fig. 58. 
In another case — that of a bridge with lattice girders 
under rails — the ends were built into masonry, which had, 
of course, loosened, with the usual result. The air of the 
locality was certainly pure, but somewhat damp. The general 
condition of the ironwork was good, but end-bars of the 
diagonal bracing, where they had been closed in, had lost 
^ inch on each surface in thirty-three years. The top flanges 
immediately under the timber floor were in a very fair state, 
which is of some interest when it is considered that these 

E 
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were made of steel of the same kind as that akeady noticed 
as being used in the construction of small girders (see Fig. 
46, ante), described in the chapter upon " High Stress," both 
cases dating from the year 1861. The painting upon the 
lattice-girder bridge had been pretty well attended to ; but 
in the case of the small steel girders it had been greatly — 
perhaps altogether — neglected ; this, coupled with adverse 
atmospheric conditions, had produced the result that the 
rate of rusting had for the small girders been much greater 
than that of the steel top flange referred to, being fully 
\ inch on each surface, as against a negligible amount 
under the more favourable circumstances. 

Girder-work over sea-water, as in piers, seems to rust at 
a sensibly greater rate than inland work under average con- 
ditions ; but it is hardly practicable to make any strict 
comparison, as in either case the rate of oxidation is so 
much affected — even controlled — by the care bestowed upon 
the structures. This general conclusion is based upon the 
results of examination of wrought-iron girder-work over sea- 
water of ages varying from fourteen to forty-four years. It 
should be remarked, however, that in one case steel girders 
but five years old, and which were frequently wetted with 
sea-spray, were found to be wasting rather badly — ^the paint 
refusing to keep upon the surface. 

It may be concluded from the above instances, and from 
others which have come under notice, that wrought-iron 
work, if not properly cared for in respect to painting, or 
under conditions otherwise bad, may be expected to rust at 
a rate which corresponds to the loss of \ inch on each sur- 
face in from fifteen to thirty years ; but with proper care as 
to painting, and exclusive of exceptionally bad conditions, 
it does not appear to waste at any measurable rate. In some 
instances, upon scraping the paint from girders which had 
been in use for thirty years, the author has found, beneath the 
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original red lead, the metallic surface bright and clean, 
showing no trace of rust. 

Of ordinary steelwork the same cannot be said, the com- 
mon experience being that mild steel is very liable to be 
attacked by rust. With passable care in the bridge-yard 
during manufacture, such that with wrought iron no after- 
trouble would be noticeable, steel is very liable to show, 
within a year of being built up, numerous little blisters on 
the painted surface ; any one of these being broken away 
discloses a small rust-pit. This is more often seen on the 
flange surfaces (horizontal) than on web surfaces (vertical), 
but it is probable the position has little to do with the 
matter, and that it is rather due to the fact that rust has 
been earlier started on the flange-plates, upon being put 
through the drilling-machines and iaundated with slurry, 
which occurs only to a more hmited extent with webs having 
fewer holes. The heads of steel rivets do not show this 
tendency to " pit," or to early development of rust. The 
riveting is about the last operation in making a girder, each 
rivet being freed of all rust by heating, and quickly coming 
under the protection of oil or paint. It may happen in this 
way that the heads of rivets on a girder may be exposed 
without protection for as many hours only as the rest of the 
work for weeks, which fully accounts for the difference in 
behaviour. 

The essential point to be observed in all steelwork is to 
prevent, if possible, the first development of rust, for once 
begun it is much more difficult to arrest than in iron ; for 
this reason, oiling of all material for a steel bridge, at a very 
early stage of its existence, cannot be too strongly insisted 
upon. This practice, however, makes the work so objection- 
able, and even dangerous when being lifted — because of the 
liability to slip — to the men engaged upon it, that it is 
commonly very difficult to ensure it being done sufficiently 
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soon to satisfy a careful inspector. If the work is carried 
out under cover, the requirement is less urgent. Strictly, 
all material should be oiled so soon as rolled, but the author 
does not remember to have seen this done at any of the 
mills he has visited, though it is common enough to find it 
specified. 

Ironwork does not need the extreme care which should 
be bestowed upon steelwork, but it is desirable that it should 
be painted as soon as possible, the surfaces being first 
thoroughly cleaned. 

There is, probably, for painting girder work nothing to 
beat good red lead as a protective coating ; but there is con- 
siderable difficulty in getting it reasonably pure, without 
which quality its utihty will be greatly reduced. The ques- 
tion of purity will, however, be found to be largely a question 
of price. It may be stated broadly that, whether for steel 
or for iron, the first protective covering is, perhaps, the most 
important of any it will ever receive. 

In repainting old work, care should be taken to remove 
all traces of rust previous to laying on the new coat. It is 
not an altogether uncommon practice to repaint old struc- 
tures by dealing only with the parts readily accessible, which, 
being less liable to rust, probably but little need it ; leaving 
those parts which are difficult of access, and where rust is 
developing, untouched ; treating the whole business as a 
matter of appearance simply. This, it need hardly be said, 
is indefensible. It is better rather to neglect the surfaces 
freely exposed and ventilated, and devote the whole care 
upon those other parts, confined and difficult to get at ; 
taking the trouble necessary to remove ballast, timber, or 
whatever may obstruct the operation, in order that the bad 
places may be thoroughly scraped, and then painted. Those 
parts which most need attention may cost, perhaps, to reach 
— and deal with when exposed — ten times as much per yard 
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of surface as the rest of the superfices, which needs little, 
and is always accessible ; but the cost should not deter the 
proper carrying out of the work, as it will prove the very 
worst sort of economy to deal with painting in a perfunctory 
manner. 

It should he noted that girder work, whether of wrought 
or cast iron, when embedded in Ume or cement concrete, or 
mortar, generally proves to be very well preserved, provided 
that close contact has obtained. Cast-iron girders, when 
carrying jack arches resting upon the bottom flanges, are 
found after long use to be in remarkably good order, when 
finally taken out, having, indeed, the surface appearance of 
new girders. Much the same remarks apply to girders of 
wrought iron carrying jack arches, where protected by the 
brickwork ; provided that the girders are sufficiently stiff to 
minimise deflection, and aUow the masonry or brickwork to 
adhere to the surfaces. 

Such girders are in a very different condition to those 
previously referred to, in which the ends of the girders, 
carrying a light floor structure, are built into masonry where 
the deflection slope is greatest ; though, apart from the few 
cases where adherence can be rdied upon, building-in is an 
undesirable practice, and has the disadvantage that after- 
examination is only possible by removing portions of the 
masonry, which it is evident'^ would very seldom be resorted 
to. 

Cast iron has ordinarily — unlike wrought iron or steel — 
great capacity for resisting rust, and will, after many years 
of absolute neglect, appear but httle the worse ; an advan- 
tage which is the more pronounced when considered rela- 
tively to the greater thickness of the thinnest parts in 
. cast-iron girders, the percentage of waste being proportion- 
ately lessened. 

Cast iron does, however, behave somewhat badly in sea- 
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water, the metal sometimes losing its original character, and 
becoming in time quite soft ; though, if not worn away, as 
by the attrition of shingle, maintaining its original bulk. 

Of some forty-five cast-iron piles belonging to various 
structures, examined whilst engaged upon sea-pier work for 
Mr. St. George-Moore, though the author found somewhat 
diverse results, in no case did there appear to be any general 
softening of the whole thickness, but a distinct change for 
some definite distance .inwardsj.generally to be decided with- 
out difficulty, beyond which the metal appeared to retain 
its original character. In all cases any material depth of 
softening was found close to the ground, this depth rapidly 
decreasing higher up, till, at a height of 5 feet, but little if 
any softening could be detected. At 2 feet above ground 
the softening was frequently but one-quarter of that at 
ground level. There was, too, often a considerable difference 
in the behaviour of different piles in the same structure 
under sioular conditions ; one pUe being found to have only 
one-fourth part of the softening noticed in others, or possibly 
none at all. For six different structures the amount of 
softening near ground level, of about twenty-five piles 
examined, was as given in the table on the next page. 

The greatest depth of softening found (see No. 2) was 
xV inch, 1 foot above ground, in a pile thirty-six years old. 
The decayed material when removed was of a soft, greasy 
consistency, perfectly black, which a few hours later was 
found to have changed to a dry yellow powder, by the rapid 
absorption, it may be supposed, of atmospheric oxygen. It 
is apparent, therefore, from this example that deterioration 
may proceed to a considerable depth ; but it should be 
observed that other piles of the set showed softening at 
ground level of | inch only. 

The least rate of softening noticed, apart from those 
structures of a more recent date, in two of which it was 
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very slight, occurred in a pier thirty-eight years old (No. 4), 
where, of three piles tested, two were quite hard, and the 
third softened ^^^r inch only. 

Whatever may be the precise cause of the change, it 
does not appear to be affected by the period or percentage 
of immersion during the rise and fall of tides. 

This will be cleaa: from the diagram. Fig. 59, which 
refers to four piles (No. 3 of table), all of the same age, in 
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the same structure. On each pile the depth of softening is 
given at points in strict relation to each other, and to the 
tidal range. The percentages of immersion for the various 
heights are also given, from a study of which it will be 
apparent that these have no relation to the amount of soften- 
ing ; this, indeed, is always greatest near the ground, at 
whatever actual height it may be. For instance, pile A was 
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at ground-level softened ^ inch, that point being 60 per 
cent, of its life under water ; but on pile B, at a point 74 
per cent, of the time submerged, ^nd 4 feet above a lower 
ground-level, no softening was apparent ; further, at ground- 
level of this pUe, the percentage being there 87, the softening 
was no greater than at ground-level at pile A. 

It is probable that while the percentage of submersion 
in moving water hardly appears to affect the result, yet pro- 
longed contact with wet sand, sea-weed, or cUnging shell-fish 
may do so. This seems to suggest that the process of change, 
as between the sea-water and the iron, is slow, and to be 
effective must be continuous ; so that it is only found to 
any considerable extent where the water in contact with the 
surface is still. In the two worst cases, Nos. 1 and 2 of the 
table, at points 1 foot and 6 inches above ground-level, 
the surface was in one pile shrouded in a thick mantle of 
heavy sea-weed, and in the other covered by molluscs ; in 
both instances the surfaces being thus kept moist and un- 
disturbed. The piles of the fourth case were in hard rock, 
were clean, and, where accessible, always either in moving 
water or quite dry. 

However this may be, the power to resist softeiiing 
certainly appears to vary largely with the quality of the 
iron. The piles, referred to above, in which deterioration 
proceeded at the most rapid rate were certainly of a soft 
metal, the first being markedly so. On the other hand, 
certain pUes (No. 4) of hard, close-grained iron suffered very 
little. 

It may be mentioned with respect to the last named, as 
a matter of interest, that the caps of the Hower lengths (just 
above ground-level) had been cast with short pieces of 
wrought iron projecting — possibly for lifting purposes — 
which during ;thirty-eight years had altered in character to 
something very like softened cast iron, but laminated, and 
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harder. Of about IJ inch original thickness, only -^ inch 
remained having the semblance of wrought iron. The 
percentage of submersion was about 60. 

A number of pDes, not included in the table, varying 
from fifteen to forty-four years old, and of the same struc- 
ture to which set No. 2 belonged, were all found to be hard, 
with the exception of one showing -^ inch of softening. 
These are omitted, because the mud surrounding them was 
at the time of examination unusuaUy high, so that the more 
normal ground-level could not be reached, at which points 
testing might have disclosed different results. It is probable 
that for any piles standing in soft material examination 
below the surface would reveal more pronounced softening 
than where occasionally exposed. 

To meet the effects of sea-water on cast-iron piles, and 
for other reasons, it is a common and good practice to make 
the lower lengths of greater thickness — say, f inch more — 
than that sufficient for the upper. Occasionally, also, the 
bottom lengths are filled with concrete, which no doubt adds 
to the length of time during which they may be relied upon. 
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CHAPTER X. 

EXAMINATION, EEPAIE, AND STEENGTHENING OF 
EIVETED BEIDGES. 

In the preceding chapters defects of various kinds to which 
riveted bridgeFork is liable have been more particularly 
dealt with ; it is now proposed to consider the examination 
of such structures, following this by a reference to methods 
of repair and strengthening, leaving the treatment of other 
classes of bridgework to be developed under their proper 
headings, though some of the remarks immediately following 
wm apply to all. 

The exhaustive survey of a bridge is only to be made 
•after considerable experience in the work, but it may be 
stated that ia looking for defects it is well to seek where they 
are least expected, till, with practice, one knows better where 
to direct attention. When examining with a view to pro- 
nouncing an opinion upon the fitness of the structure to 
remain ia place, if ia any real doubt, it is wise to give a 
casting vote against it ; and finally it may be said that upon 
taking down a bridge condemned for any one or more defects, 
it should be examined for worse. This may seem to be 
somewhat pessimistic, but is based upon the teachings of 
experience. 

Preliminary examination of a bridge may reveal such 
faults or weaknesses as at once to ensure its condemnation ; 
but if this is not the case, and there is a reasonable proba- 
bility that the structure may be given a fresh lease of life, 
it will, for the purpose of estimating the strength, or for 
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possible repairs, commonly be desirable to secure precise 
particulars of the existing structure independently of any 
drawings that may be in existence, and which will very 
probably be incorrect, the finished work, if old, seldom 
agreeing with the contract drawings. A final decision may in 
this case be deferred till after the measuring up has been 
completed, the condition of the structure becoming more 
famihar in the process. 

It is desirable first to ascertain whether the bridge 
remains in good form, whether the camber of girders appears 
to be what might be expected, or agreeable with existing 
records, though much reliance must not be placed upon 
figured cambers, it being quite common for girders to leave 
the bridge yards with the camber something other than 
that intended. The deflections under live load will also be 
observed, and compared with the calculated result, or checked 
by judgment. The Calculations upon which strength and 
deflections are based will, of course, refer to the actual 
sections, which are sometimes a little difficult to ascertain if 
there has been irregular rusting. In continuous girders also, 
levels having been taken, allowance should be made for 
effects of settlement, if any ; and with arches evidence of 
movement of the piers or abutments sought for, with the 
like object. It is seldom that the main flanges of girders 
show signs of weakness, unless from flexure in the case of 
long and narrow top members, insuflSciently stiffened ; but 
there may be want of truth from other causes already dealt 
with. In plate girders the webs should be most carefully 
scanned for possible cracks, particularly where cross-girders 
are connected, and along the upper edges of bottom flange 
angles, if the floor rest upon the flange. All riveted con- 
nections, of course, need close attention, both for straining 
effects, where there is a liability to wracking, and to detect 
loose rivets. Loose rivets and want of tightness in other 
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parts of the work may frequently be detected at sight by a 
reddish bloom which appears on the neighbouring surfaces, 
caused by rust working out and spreading under the effects 
of weather ; it may be seen round rivet-heads or along the 
edges of angle-bars, or other parts where there is movement. 
Loose rivets, though generally to be detected also by the 
hammer, may perhaps in the case of thin-webbed cross- 
girders be working in the web-thickness only, possibly to a 
considerable extent. This, if not otherwise evident, may 
sometimes be detected by simultaneous deflection tests — with 
rods— at the top and bottom flanges of a girder, at the same 
distance from the bearings. Any difference in the readings 
may indicate loose web-rivets, or possibly a tear in the web 
running parallel to the flange angles. 

Bracings between girders are very apt to display a rich 
harvest of working rivets. Cross-girders and longitudinals 
also may have loose rivets at their connections, and be very 
badly wasted, with quite possibly cracks in the webs, or 
other defects already enlarged upon. 

The condition of the road upon the bridge will frequently 
be an indication of the state of the floor which carries it ; or 
the existence of rail-joints which are working badly may 
very properly lead to a critical examination of the girder- 
work immediately below, as this is a fruitful source of 
damage in light constructions. Floor-plates, where these 
exist, should be scanned for leakages, drainage nozzles, and 
guttering, to see that they are free, the attachments of the 
latter being often loose and unsatisfactory. 

Trough floors may be expected to show loose rivets near 
the ends, with a probability of excessive leakage where they 
abut against the webs of supporting girders. 

Floor plates resting upon abutments or piers, being very 
liable to serious decay, require attention, and girder-work 
entering masonry should receive close scrutiny, any obstruc- 
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tion to a suificient examination being removed so far as is 
judged sufficient for the purpose. The structure should, of 
course, be closely watched during the passage of live load 
for any signs of abnormal movement, excessive vibration, or 
lurching. 

In addition to seeking for these various defects, or others 
which have been referred to in these pages at length, it 
will be well always to be aUve to the possibility of faults 
to be seen for the first time, or of which the author has 
furnished no instance. 

Having formed a rehable opinion as .to the state of the 
bridge, this, if satisfactory, may leave to be determined only 
the question of strength relative to the loads carried. It is 
apparent that stress limits suitable for a new structure, 
which has all its life before it, of purpose moderate to cover 
possible deteriorations, the growth of loads, and other adverse 
influences, may to avoid immediate reconstruction, reason- 
ably be permitted of a higher value for a further term of 
years in the case of a structure which it is known has for a 
considerable period behaved well, and remains in good con- 
dition. What this higher value may be will be greatly 
influenced by the circumstances of each case, and, being 
largely a matter of judgment, may be expected to vary with 
different engineers. Experience shows, however, that the 
nominal unit stress in an old bridge may be a very con- 
siderable amount in excess of that allowed for new work, 
without, of necessity, showing anyUl effects ; and the author 
is of opinion that for old bridges in good condition it is 
quite prudent to allow an excess of 33 per cent, beyond that 
permissible for a new design. If the structure is too weak 
to satisfy this modified condition, it may be possible to 
bring it within the stress limit by a reduction of ballast or 
other removable dead weight. If this expedient does not 
promise to be satisfactory, or the bridge shows actual signs of 
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weakness, or palpable defects, it will be necessary to deal with 
the question of repair, strengthening, or reconstruction. 

The repair of built up bridgework resolves itself largely 
into a matter of replacing loose rivets by cutting these out, 
rhymering the holes, if desirable, and again riveting. It 
will often be sufficient to do this with no paiticular precau- 
tions as to bolting up temporarily ; the rivets having been 
loose, may very well be spared for a time. In re-riveting 
cross-girder connections it may, however, be imperative to 
remove all the rivets, bolting up securely as this is done, in 
order to make a tight job, taking out each bolt in turn as 
required, and again filling the holes ; or it may be well in a 
bad case first to remove all loose rivets, substituting good 
bolts, in order that work which has gone out of shape owing 
to defective rivets may first be brought true. 

Cross-girder webs, cracked vertically or nearly so, are 
commonly repaired with splice-plates on either side ; but in 
doing this it is undesirable to add plates of excessive thick- 
ness relative to the web — probably poor — as by an abrupt 
change of web section it appears not unlikely a fresh break 
may be favoured. 

Replacing wasted flange-plates, or adding new plates to 
those which exist, is occasionally resorted to in the case of 
main girders, the flanges of which are sufficiently accessible, 
but the operation is difficult, takes some little time,, and 
should only be attempted under the constant supervision of 
a thoroughly capable man. When done, if the girder has 
not been relieved of load by staging, the stress under full 
load will be unequally distributed between the old and the 
new section, the old always taking more by the amount of 
the dead-load stress previously carried. The 'method which 
the author has seen applied to lattice girders of about 
80 feet span, having good angle-bars in the flanges, with a 
shallow vertical web for attachment of diagonals, consisted 
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in first cutting out the old flange rivets, and substituting 
bolts well screwed up, till all the rivets necessary had been 
removed. The new plate length having been prepared, was, 
on a Sunday, during a few hours' cessation of traffic, marked 
off, the temporary bolts being removed for the purpose, and 
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Fig. 60. 



Fig. 61. 



then replaced. After the plate had been drilled, on a later 
Sunday, it was finally put into position, bolted up, and 
riveted at leisure ; cover-plates make additional trouble, but 
are dealt with on the same principle. The method as shown 
in Fig. 60 is, however, barely practicable for so many plates. 
It is preferable, if it is proposed to add section, to do this 
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Fig. 62. 



Fig. 63. 



with as little interference as possible with existing rivets of 
importance. This may be accomplished, if the existing 
plates are not too wasted at their edges, by riveting on new 
strips or angle-bars (see Figs. 61 to 63). Occasionally the 
strength of a girder is increased by the addition to the top 
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or bottom boom of material in such a form as sensibly to 
increase the depth, and thus, while adding increased section 
to one boom, to reduce the stress in each, though to dis- 
similar amounts. By this device also the reUef is effective 
only as regards the live-load stress ; under dead load only 
the new material does no work, provided, of course, that 
no relief staging was used during the alterations. For 
girders cairying any considerable proportion of dead load the 
method is very iaefficient, though for others, in which the 
live load is relatively large, the result should be more satis- 
factory. 

As this question of adding new section to old is of much 
importance in dealing with repairs and strengthening opera- 
tions, a few general remarks upon the subject wUl be 
pertinent. The diflEiculty in such work commonly is to 
cause the new to render any considerable assistance to the 
old in those cases which occur in practice. If a bar be 
imagined imder longitudinal stress varying between and a 
maxinium, then, if the area of the piece be increased at the 
time when it takes no stress, its capacity for resisting the 
maximum amount will be increased, and for added material 
of similar elasticity the unit stress proportionately reduced. 
If,, however, the load on the bar does not vary, the mere 
addition of metal will not relieve the original section in any 
degree. To take a third case, of the maximum being twice 
the minimum load, it wUl be necessary, in order to lower the 
maximum unit stress by 25 per cent., to double the original 
section of the bar if, as supposed, the extra metal has been 
added to the piece when under the smaller load, so that the 
new section is only effective in assisting to carry the re- 
mainder of the load at such times as it may be imposed. 
The relationship stands thus : — 

Live load New area ,. , 

X ■KT~.=r-i—:.A-i:zz;: = rehef. 



Live + dead load New + old area 
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These statements wOl be trae under the conditions named, 
within the elastic Hmit of the material ; but some advantage 
would be derived in the second case, and a more marked 
benefit in the third, if the load assumed to be a maximum 
were exceeded, or if the composite bar were tested to de- 
struction ; as, however, these effects would be outside the 
limiting conditions imposed, it must be a matter of judgment 
as to how far this reserve of strength may be considered of 
value. 

If, instead of simply adding section to the bar, some part 
of the constant load is put upon the new section by the 
manner of attachment, the combination will, of course, be 
more effective. 

To apply these considerations and illustrate the way in 
which the two methods of adding flange section work out 
when reduced to figures, the case will be supposed of a girder 
6 feet deep, carrying a load of which one-third is dead and 
two-thirds live. To the flanges of this girder are added 
plates equal to 50 per cent, of the original areas, in order to 
reduce the stress of 7 tons per square inch to which the 
girder before strengthening is liable, the depth remaining 
substantially unaltered. With dead load only the original 
section would be stressed to 2 • 8 tons per square inch, the 
new section being then unstressed. Under full load the 
new and old material take 3 • 1 tons per square inch addi- 
tional, making the modified stress on the original section 
5 '4 tons per square inch, as against 7 tons ; or a reduction 
of 22 per cent. This compares with 33 per cent., the relief 
due to 50 per cent, increase of flange area under ordinary 
conditions of stress distribution. 

Let the second method of strengthening the girder now 
be considered, using, for purposes of comparison, the same 
total amount of new material to increase the girder depth by 
an addition to the top flange. This section will be equal to 
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the area of one flange, which, though it may be applied in 
many different ways, giving a greater or a less increase to the 
depth, would probably be used in some 
such manner as that shown in Fig. 64, 
increasing the effective depth for live- 
load stress by nearly 10 inches. 

The added material will, as in the 
previous case, leave the dead-load stress 
unaltered, or 2 ■ 3 tons per square inch. 
The stress in the bottom flange due 
to live load wHl, however, now be 4 • 1 
tons per square inch, making a total 
stress of 6 "4 tons per square inch, 
against 7 tons — the original stress. 
The reduction here is 8 per cent, 
only, as compared with 12 per cent., 
the relief due, under ordinary condi- 
tions, to an increase of efPective depth 
from 6 feet to 6 feet 10 inches, and by 
the use of additional material, equal, 
as before, to one-half of the total 
flange areas before the alteration. 

The effect on the top flange need 
not be here gone into in detail, but it 
may be said that, owing to the in- 
crease of gross section and of depth, 
the ultimate stresses of both the new 
and old material are greatly less than 
as given for the bottom flange. 

Girders strengthened by the first 
of these two methods would, it is pro- 
bable, if tested to destruction, give 
results more nearly in accord with the actual percentage 
increase of flange section, plastic deformation of the metal, 
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Fig. 64. 
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before failure, tending to reduce the differences of stress on 
the new and old material of the sections. 

Web members of lattice girders may, if weak, sometimes 
be dealt with by the introduction of supplementary bars, 
parallel to and between the old members, or by the addition 
of strips or angles to the existing diagonals. The treatment 
will be largely influenced by the nature of the old detail. 




BdUe irv qaseets to dUmroUdL riyets. 




Figs. 65 and 66. 



which may lend itself to some one arrangement muoh"bettei 
than to any other. 

End riveting of web members may, if it has become 
loose, be dealt with by simply rhymering the holes a size 
larger, and re-riveting in the best manner, if the stresses are 
not excessive ; or it may be necessary to devise some addi- 
tional attachments by which new rivets are brought into use 
(see Figs. 65 and 66). The effective relief due to supple^ 
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mentary rivets •will be influenced by similar considerations 
to those governing increase of section. 

Old structures are very frequently deficient in bracing, 
which may, in such cases, be advantageously introduced ; 
or girders individually weak may be rendered collectively 
efficient by suitable bracing. In considering the advisability 
of this, however, the case should be viewed with regard to 
the possible effects of such members, as already dealt with 
in the chapter relating to these questions. There it has been 
pointed out that bracing between a system of parallel girders 
may have the effect, imder live load, of increasing the stress 




Pig. 67. 



on the outer girders due to twisting of the structure as a whole, 
though thfr inner girders will, except for full loading of the 
whole'bridge, be advantaged as to stress values, and in any 
event bettered by being held up to their work. The effect 
upon the outer girders may be met by increasing their 
strength, if this appears to be necessary. In all such altera- 
tions the detail should be schemed with special care to 
ensure simplicity in execution, smith's work being rigorously 
avoided. A good arrangement for supplementary bracing 
between plate-girders, which gives little trouble in carrying 
ont, is shown in Fig. 67 ; or where the stiffeners of such girders 



ii8 



THE ANATOMY OF BRIDGEWORK. 



are in line across the bridge, the detail given in Fig. 68 may 
involve less expenditure. Difficulties may be experienced in 
riveting, unless great care is taken in the positioning of rivets. 
Fitting-bolts are only to be relied upon as such, if they really 
justify the name ; they are, though easy to specify, by no 
means easy to secure under the conditions of practical work. 
Weak cross-girders may make alterations — in some cases 
considerable — necessary, to rectify the defect of strength. 
The removal of old girders to make room for new is seldom 
resorted to, unless the existing detail renders this a simple 
operation ; but it is not unusual to introduce new girders 
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Fig. 68. 



between the old in cases where there is no plated floor to" 
make the work difficult. By this method there is, of course, 
an increase of appreciable amount in the dead load carried 
by the main girders, which would in many instances be 
objectionable. With deep and heavy main girders, having 
plate webs, cross-girders may be strengthened by improving 
the end connections by suitable gussets, and attachment to 
good vertical stiffeners, the fixity of the ends thus aimed at 
being assured by overhead struts or girders, from one main 
girder to its fellow, at intervals apart weU considered with 
reference to the horizontal strength of the top flanges, the 
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whole thus making a closed frame, as shown in Fig. 69. 
The method appears feasible, but it should be stated that 
the author has not known it to be applied in its entirety as 
a means of strengthening an old floor. 

A simple and very common device consists in substituting 
for the ordinary cross-sleeper road, where this exists, stout 
timber longitudinals under the rails, which have, where the 
cross-girders do not exceed 5 feet centres, a marked distribu- 
tive effect, tending to reduce the maximum load upon any 
individual girder. With a similar object, trough girders 
containing longitudinal timbers are sometimes adopted where 
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the depth available is "not enough to enable suificiently stiff 
timbers to be used alone. In either case the object sought 
is the same — to modify the effect of the heavier wheel loads 
upon isolated cross-girders. When the spacing is so close 
as 4 feet, the beneficial result of this treatment is consider- 
able, but at 8 feet centres it can have but a moderate effect 
where timbers alone are used. 

Occasionally, for long cross-girders, a distributing girdet 
is placed, with the same intent, in the 6 feet wjay, its function 
being limited to this use only if the depth and: Strehgtb are 
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sufficiently small to serve this object alone, as distinct from 
the case in which it becomes a carrying girder transferring 
load to the abutments. As a distributor simply, the girder 
has to equalise the bending moments amongst the cross- 
girders, to effect which it will be evident that these moments 
having been ascertained for the several cross-girders previous 
to alteration, for a position of the wheel loads such that the 
heaviest comes upon a centre cross-girder, the mean of these 
moments wiU, when compared with that for each girder, 
show the difference to be induced as a result of introducing 
the distributor. These differences of moment render neces- 
sary at the centre of the cross-girders reactions upwards 
or downwards, as the case may be, of amounts competent 
to induce moments below the inner rails equal to these 
differences. 

It is these reactions which must be provided by the dis- 
tributing girder at a moderate stress, and without flexure of 
such an amount as sensibly to modify the reactions. The 
greatest section necessary at any one point may then be 
adopted for the girder throughout. The result will com- 
monly work out to a moderate section, but there will be no 
harm in a little excess in a case of this kind, the total cost 
being but little affected by some small addition to the weight, 
where labour upon the site is so considerable an item as in 
work of this description. The ends of the distributing girder 
should be carried on to the abutments or piers to ensure 
adequate relief of the end cross-girders. It will be found 
desirable in arranging for distributing girders to ascertain at 
an early stage, by boning or by levelling, the condition of 
the cross-girders as to uniformity of heights, as this may affect 
the length most suitable for separate sections. Between the 
underside of the distributor and the cross-girder tops there 
will commonly be spaces of varying amounts, which should 
be filled, by packings to fit, rather than by pulling the work 
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together by force, introducing undesirable stresses of un- 
certain amount. 

In the earlier remarks upon the strengthening of bridge- 
work by the use of new material, it has been assumed that 
the modulus of elasticity of the new metal is similar to that 
of the old ; it may, however, as in cases where wrought- 
iron work is reinforced by additions in steel, be necessary to 
take the difference of elastic properties into account, with 
which object the new section should be multiplied by a 
quantity (greater or less than unity) inversely proportional to 
the higher or lower modulus of the new material, that is to 
say, by 

E of old material 

B of new material 
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CHAPTBK XI. 

STRENGTHENING OF EIVETED BEIDGES BY CENTRE 
GIEDEES. 

The addition of distributing girders, described in the last 
chapter, as a means of strengthening a bridge floor, while 
sufficient in many cases so far as the cross-girders are con- 
cerned, does not in any appreciable way assist the main 
girders. When for a two-line bridge, having outer main 
girders only, this result also is desired, together with a more 
complete relief of the floor structure, centre main girders 
may be used, placed either above or below the cross-girders, 
on the centre line of the bridge. 

There are two principal ways in which such a girder may 
be brought into use ; the easier, but generally less econo- 
mical, is by making a simple attachment to the cross-girders, 
the old girder work still taking the whole dead load. By this 
method the new girder does no work but carry itself till the 
live load comes upon the bridge, and must be made very 
stiff to take any sensible portion of the running load ; the 
second method is to make the connection adjustable, so that 
a part of the floor weights may be imposed upon the new 
girder as an initial load. In doing this the old outer girders 
will rise slightly, being relieved of stress, and the cross- 
girders also lifted at the middle, whilst the new girder is 
depressed as the load is brought upon it. With some part 
of the live load a very considerable proportion of the total 
may in this way be carried by a centre girder of moderate 
section. The whole question, by either method, turns upon 
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deflections ; and it is in determining the relative movements 
of the girders that the problem chiefly lies. 

It is convenient first to determine the percentage of load 
reUef to be effected in the main girders, as to which it is to 
be observed that as this relief (distributed) is induced by 
the upward reaction of the new girder acting at the centre 
of the cross-girders, the stress relief of these will, as a rale, 
greatly exceed that of the outside girders. For the general- 
ity of cases, it may be taken that 1^ relief suitable for the 
outside girders will be satisfactory in its effects upon the 
cross-girders, even though it is desired to reduce the stress 
in these to a greater degree. 

If, however, it be thought desirable to check this, it may 
be done by considering a cross-girder subject to its dead and 
live loads acting downwards, and to reactions at the centre 
and ends. At the centre the reaction will be the load of 
which the two main girders are relieved on a length equal to 
the pitch of the cross-girders, or as here given : — 

c X t xT= reaction at centre . (1) 

c being the percentage of reUef ; t the total load per foot run 
of the bridge ; and P the pitch of cross-girders. The live 
loads carried by the cross-girders are for this purpose taken 
at per foot run, as for the main girders. With these data 
it will be easy to construct a diagram of moments, making 
it evident whether the rehef proposed for the main girders 
will give a sufficient percentage of reUef to the floor beams. 
Granting that this proportion has been decided, and 
dealing first with the case in which the centre girder is 
simply attached to the cross-girders, and takes no dead load 
other than its own weight, then the live load carried by the 
outside girders, and previously borne whoUy by them, will 
be reduced by the amount it is intended to transfer to the 
centre girder, and will become 

L' - (c X L() = live load on outer girders . (2) 
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L, being the total live load, and L, the total dead and live 
load carried by the bridge. From this the deflection of the 
outer girdets corresponding to this modified live load' may 
be derived. 

It is next necessary to ascertain the vertical movement, 
commonly a depression, of the cross-girders at the centre 
relative to their ends, when subject to the running load only, 
and supported at the middle and ends, the centre reaction 
being obtained as before indicated (1). This movement 
win be the difference (if any) between the deflection on the 
whole span of the cross-girder due to the live load, and the 
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upward flexure of the girder due to the centre reaction, 
considered as separate effects. Stress values having been 
estimated for the two conditions, these results may readily 
be deduced by simple flexure formulas, observing that while 
the curve of moments due to live load sufficiently approxi- 
mates to that for a distributed load to justify, for this, the 
use of a distributed load formula as given in the chapter 
" Deflections," the flexure due to the centre reaction wiU be 
but ■ 80 of that which corresponds to the same stress for 
distributed loading. Or, the curve assumed by the girder 
under Uve load may be plotted. by a method to be later 
explained. 
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The sum of the movements now determined — ^that is', 
the live-load deflection of the outer girders, and depression, 
as is commonly the case, of the cross-girders — ^will give th^ 
extreme depression (marked m in Fig. 70), from the dead- 
load condition of the middle cross-girders, when supported 
to the extent desired by a centre girder whose proportions arfe 
not yet known, but which, carrying the required percentage 
of the total load, must, subject to a reservation presently 
stated, deflect only this amount. The unit stress in the 
flanges of the new girder, governed by this flexure, will ^oi- 
a plate girder be 

D X C X TO . . 

-H2 = /, unit stress on gross section . (3) 

D and S being, as before (see " Deflections "), the depth and 
span respectively in feet, a constant, m the deflection in 
inches, and /the stress per square inch on the gross section 
of flange. 

The gross area A, of the flange, is given by 

S X ex Lj 

8 X D X f ~ ^°^^ ^''^^ flange . . (4) 

c X Lj, being, as in (2), the load transferred to and carried 
by the centre girder. 

The actual stress in the flanges will, of course, be greater 
by an amount due to the girder's own weight ; but this does 
not affect the question of relief. For any ordinary case the 
stress per square inch wiU. be low ; but it will manifestly bie 
useless to assume a greater stress with a view to econoniy, as 
the effect of reducing the section wUl simply be to make the 
girder too flexible, thus causing it to be less effective than 
primarily intended. If, as is seldom the case, there is 
freedom as to the depth of girder permissible, it is evident 
the unit stress may be made a condition, and the depth 
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deduced by a suitable modification of formula (3) ; the 
relief desired being in this way equally well assured. In- 
deed, in the rare instances in which any depth may be 
adopted, this method is — contrary to the general rule^ 
distinctly economical, particularly if the girder may be placed 
below the cross-girders, which simply rest upon it, without 
elaborate attachments. 

Considering now the second method of applying centre 
girders by which the new girder is made initially to carry 
part of the dead load, by adjustment, it wiU at once be 
recognised .as a more complex , matter. The measure of 
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relief by which the old girderwork shall benefit need not 
be affected by the method of applying the centre girder, 
and may be decided on the principles abeady considered. 
The outer girders carrying a reduced load, when the bridge 
is fuUy loaded, and the cross-girders being in part supported 
at their centres in the manner abeady described, wiU give a 
resulting depression m (see Kg. 71) of the centre cross- 
girders, below the original dead-load position, of a similar 
amount determined in the same way. This extreme depres- 
sion determines also the lowest position of the new centre 
girder, which may be designed to carry the required per- 
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centage of the total bridge loads with the maximum stress 
and depth, as conditions, leaving the initial dead load and 
necessary adjustments to be ascertained. This is the common 
case and will be here dealt with, it being assumed to avoid 
ambiguity in description that the new girder lies above the 
cross-girders. 

The centre girder of fixed depth being then required to 
carry a definite load at a definite fiange stress, will deflect a 
definite amount at this stress. If this deflection equalled 
the extreme depression m of the old girder work, no adjust- 
ment would be necessary, the centre girder then carrying no 
initial dead load, as by the first method ; but for centre 
girders designed for economical flange stress the deflection will 
in ordinary cases greatly exceed this, the depth generally 
being small, and in order to ensure that the new girder shall 
do its full work, some dead load must be put upon it. In the 
act of adjustment the cross-girders must be lifted and the 
centre girder depressed, till the joint movement equals the 
excess s of the centre girder deflection over m, when the 
new girder will carry the proper amount of initial load, and 
upon further deflection under live load give the full measure 
of relief. The amount of " lift " or upward flexure of the 
old girder work, and the depression or " drop " of the new 
girder, during adjustment, will depend upon relative stiffness, 
and may be ascertained as follows : — 

For unit reactions at the centre of the cross-girders the 
upward flexure of these may be ascertained, as also the 
upward flexure of the two outer girders when subject to 
forces of the same total amount (one-half to each) applied 
at the cross-girder ends. The sum of these movements wiU 
give the total lift of the centre cross-girders, when all are 
subject to unit hfting forces ; similarly, the depression of 
the centre girder for unit loads apphed at the cross-girders 
may be determined. There wUl then be known the move- 
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ments upwards and downwards of the old and new work 
when being drawn together by unit forces applied as stated. 
If 

I = lift due to unit loads, 

It = total lift due to adjustment, 

d = drop due to unit loads, 

df = total drop due to adjustment, 

s = deflection excess = gross adjustment, 

there will then be 

total drop of centre girder under adjustment. 



l + d 
total lift of centre cross girders under adjustment, 

-^ X unit load = 
d 

initial load put upon centre girder at each cross-girder. 

The rise of the two outer girders for upward forces 
together equal to those depressing the centre girder may 
readily be deduced. 

The act of adjustment may conveniently be effected by 
the arrangement shown in Fig. 72, in which each cross-girder 
is hung up at its centre by four bolts. At the middle of 
the centre girder the total amount to be screwed up will be 
that corresponding to the deflection excess s, but towards 
the ends this amount decreases, and may advantageously be 
represented by a diagram as Fig. 73, in which, if s represents 
to scale the amount to be screwed up at a centre cross-girder, 
the corresponding amounts for other girders may be read off 
direct. It will be apparent that it must be necessary to 
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place the centie girder at such a height as to leave a space 
between the old and the new work greater than the amount 
to be screwed up, this excess clearance being ultimately filled 
by a packing. 

The precautions to be observed in carrying out this 
kind of work, and the practical methods of adjustment 
adopted by the author after some little experience, may here 
be given. 

m 




Fig. 72. 



Great care is necessary at the outset to ascertain the true 
spacing of the cross-girders, to ensure that the bolt-holes in 
the bottom flange of the centre girder shaU come where 
desired. The fixing of the cross-girder brackets also needs 
close attention to avoid after trouble, the bolt-holes in the 
brackets being preferably drilled on the site after fixing. 
It will, for masonry abutments, be necessary to fix bedstones 
to receive the new centre girder, which, being carried out 
quite possibly under adverse traflSc conditions, will perhaps 
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leave the stones liable to settle slightly when the full load 
is carried. To eliminate the bad effect of this npon the 
ultimate adjustment, and to take up any initial set of the 
new girder work, which would be prejudicial in the same 
way, it is desirable, the centre girder being in place, to screw 
up the bolts temporarily and leave the work for a week 
or' two. To ensure regularity in the screwing up process, it 
is convenient to prepare, for use at the bridge, a diagram 
somewhat similar to Fig. 78, giving the amount by which 
the new and old work are to be brought together at each 
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cross-girder, with the number of turns for each nut to effect 
this. With a man at each side of the girder, the whole 
length is traversed, giving a half -turn to each nut ; this is 
repeated as often as necessary, and so managed as to bring 
all up proportionately to the final requirement, keeping tally 
with chalk marks over each cross-girder as a check. The 
preliminary screwing up should be conducted with little less 
care than that adopted for the later adjustment, to avoid 
damage to the old work. This later adjustment having in 
due course been effected, it is then necessary to measure for 
packings to fill the spaces remaining between the old cross- 
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girders and the new centre girder. These spaces should be 
callipered at each of the four corners, care being taken to 
avoid after-confusion. The measurements ascertained will, 
however, be too great for the finished packings, as an allow- 
ance of not less than ^ inch (total), will commonly be 
wanted to cover irregularities in the surfaces. The packings, 
having been prepared and checked, may be slipped into 
place after slacking all the bolts a small amount to per- 
mit this to be done, finally screwing up tight and secur- 
ing the nuts by split-pins, through holes drilled as the last 
operation. 

As a check upon the calculations and adjustment, the 
" lift " of the outer girders and cross-girders, and the " drop " 
of the centre girder may be observed by levelling. For this 
purpose the author has used a staff of inches divided into 
tenths, with which, and a good level, very accuralte readings 
may be taken for short distances. 

No reference has been made to the effect of skew in a 
bridge on the above methods, the explanation given applying 
rather to bridges square on plan. The influence of skew on 
the load distribution will largely be a matter of detailed 
calculation. The flexure of the girders may also be sensibly 
affected, but may be arrived at with suflBcient accuracy 
without any great trouble. The chief effect of skew is to 
modify the amount of screwing up during adjustment, which 
may be better understood by reference to Fig. 74, and com- 
paring it with Fig. 73, the adjustment diagram for a square 
bridge. 

To illustrate how these methods of strengthening work 
out, and compare as tjo weights of centre girders required, 
the case has been assumed of a wrought iron bridge of 60- 
feet span, having outer girders 5 feet deep, of 39 square inches 
gross flange area ; and cross-girders, at 8-feet centres, 27-feet 
span, 1 foot 9 inches deep, with a gross flange area of twenty 

K 2 
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square inches. The dead load and live load on either road 
are each 1 • 75 tons per foot run. 

The stress in the outer girders previous to the alteration 
being 6 tons per square inch gross, it is desired to relieve 
this to the extent of 33 per cent, by a steel centre girder. 
In the table here given the quantities given in italics are 
fixed as primary conditions : — 

GeKTBE STBENOTHBNINa G1SDEB6 FOB 60-FT. SPAN. 



Centre 
Gilder, 



Unknown. 



Centre 

Gilder, 

Depth 

Unknown. 



A^jOBt- 

ments 
Unknown. 



Outer Girder. 

Deflection under modified live 
load ........ 

Lift of adjustment .... 

Cross Girders. 

Depression under live load — 
modified conditions of support 

Extreme depression (m). 

Lift of adjustment (cross-girder 
only) 

Total lift of adjustment {It) 

Centre Girder. 

Depth 

Unit stress on gross section (ex 
girder's weight) .... 

Total defiection (ex girder's 
weight) 

Defiection excess (s) . . . . 

Depression, or "drop" of ad- 
justment (dt) 

Gross area of fiange .... 

Weight 

Het fiange stress (including 
girder's weight) .... 



■42 in. 

mil 



■13 in. 
•55 „ 

nil 
nil 



S-Sft. 

2-14 tons 

•55 in. 



nil 

105 sij. in. 

20 tons 

3'19 tons 



•42 in. 
nil 



•13 in. 
•55 „ 

nil 
nil 



8-2 ft. 
S'O tons 

•56 in. 

nil 

nil 

19^2 sq. in. 

10^4 tons 

6-87 tons 



■42 in. 
■158 „ 



•13 
•55 



•095 
■248 



S-Sft. 

5'0 tons 

X-W. in. 
73 l„ 

482 „ 

44 ■ 5 sq. in. 

11-4 tons 

6^94 tons 



Girders subject to distributed load are treated as having 
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uniform stress, but where this is not strictly the case, as in 
some light girders, it will be necessary to take the fact into 
account. For centre girders of wrought iron, and a unit 
stress on the gross section of 4 instead of 5 tons, the girder 
weights are between 9 and 10 per cent, greater. 

In the above treatment of the application of centre 
strengthening girders there is a source of error which should 
be touched upon. If, under live load, the centre girder 
deflects more than the outer girders, as it commonly will; 
there must be a want of uniformity in the behaviour of the 
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cross-girders, those near the-abutments being more relieved 
than the estimated amount of relief of those at the centre, 
which will have less than that intended; but the reduction 
of stress in the cross-girders will generally be so considerable 
that any such ambiguity of excess or defect is commonly 
unimportant ; the effect of this also upon the main girders 
is much less than might be supposed, being, for the third of 
the cases just given, about 2 J per cent, excess for the centre 
girder, and generally a much smaller error. "With this 
qualification, the method can, however, be regarded as 
approximate only. It is possible to eliminate some part of 
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the error by lifting the end cross-girders during adjustment, 
a less amount than that given by the diagrams, Figs. 73 and 
74, taking care that the centre girder is depressed its full 
amount by lifting the centre cross-girders a littje more ; this 
refinement is hardly necessary, and unless controlled by 
calculation cannot be depended upon for precise results. 

Particulars are here given of five ordinary cases, compar- 
ing the calculated and observed results of adjustment. The 
operation of levelling- was conducted by a quick-eyed and 
capable assistant, who was not made acquainted with the 
results expected, in order to avoid any sub-conscious tendency 
to match the calculated figures : — 



EZAMFI.EB OF Ceihtbi: Oibdeb Adtostments. 





Calculated. 


Observed. 




In. 


in. 


No. l.—Se-Ft. Span. 




Bepiession of centre girder . 
Lift of oroBS-girders at centre 
Lift of outer girders . . . 


•82 
•23 
•20 


•84 

•22 

•10 and •IS 


No. 2.—67-Ft. Spam. 




Depression of centre girder . 
Lift of oroBS-girders at centre 
Lift of outer girders . . . 


•60 
•18 
•11 


•50 

•20 

■08 and -10 


No. 3.— 67-F«. Sp<Mi.. 




Depression of centre girder . 
Lift of cross-girders at centre 
Lift of outer girders . . . 


•70 
•15 
•10 


•75 
•17 
•09 


No. 4.— 68-Ft. Span. 




Depression of centre girder . 
Lift of cross-girders at centre 
Lift of outer girders . . . 


•70 
•20 
•13 


•65 
•18 
•14 
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Calculated. 



Observed. 



No. 5. — 52-Ft. and 28-Ft. Spans continuous. 
Long 



Depiession of centre girder . 
Lift of centre girder ... 
Ijift of oross-girders (centre 

of spanB) 

Lift of outer girdeis . . . 
Depression of outer girder . 



■17 
•08 



Short 
Span. 



■04 
■09 
•01 



Long 
Span. 



■15 

•08 



Short 
Span. 



•03 

•13 

negli- 
gible. 



The method of calculation adopted for these cases was 
not precisely that given, though depending upon the same 
broad principles. The first cannot be considered a good 
example. The last, having continuous girders, of course 
needed special treatment. 

Of about seventeen bridges strengthened in the manner 
described, the effect generally was satisfactory, in reducing 
deflection and vibration; but in two cases of small span, 
owing probably to settlement of bedstones, the results were 
not so good. 

From first to last the work of puttingnn a centre girder 
takes some little time, owing to the slow progress generally 
made in fixing the brackets, preparing packings, etc. The 
cost of a typical case was about 23 per cent, of the cost of a 
new superstructure, with a 30 per cent, relief of stress. , 

A special case of strengthening by a centre girder, having 
considerable interest, may be here referred to. The primary 
idea involved was not the author's. The bridge dealt with 
has already been noticed under " Bracing " and a section, 
before alteration, shown in Fig. 26. The span being 85 
feet, there was no room for a centre girder of sufficient depth 
above the cross-girders , and between the roads, nor was it 
considered economical to place the girder wholly below the 
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floor, because of the costly staging this would have necessi- 
tated for erection purposes, the height above ground level 
being very great. A girder was therefore designed, having 
open latticing at an angle of 60 degrees, with a bottom boom 
to be below the cross-girders, the top being as high above 
the rails as could be permitted (see Figs. 75 and 76). A 
temporary boom was arranged at the intersection of dia- 
gonals, the lower boom proper not being fixed till the girder 
having been lifted into place, with! the diagonaljmembers 
passing between the cross-girders, allowed this to be done. 




— Cros3 Section — 
Pig. 7S. 

The girder for some time carried itself from bearing to bear- 
ing, with the temporary boom in tension, the deflection being 
then 2 inches. The permanent boom was then put in place, 
and the girder restored as nearly as was practicable to the 
camber it was intended to have when complete, but without 
throwing, during the process, any improper loads upon the 
old work. 

The lower boom being finally riveted up, the cross-girders 
were made to bear upon it by suitable packings. There 
were, in addition to the new girder, two stiff frames between 
the old main girders, to which the new was secured. 
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The girder was designed with the intention that under 
dead load only the cross-girders should just rest, but throw 
no weight, upon the new work, the latter assisting to carry 
live load only. The floor beams being of small span, and 
securely riveted to the old girder tops, the centre girder was 
required to deflect, under its share of hve load, the same 
amount as the old main girders under the remaining portion, 
the three points of support of the cross-girders thus not 
altering their relative levels. That this resulted was evident 
from the fact that, previous to connecting the cross-frames 
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Fig. 76. 



to the centre-girder, the work being otherwise complete, a 
space between the two of about \ inch, afterwards filled by 
a packing, showed no altera,tion, the closest measurement 
failing to disclose any relative movement upon the passage 
of live load. The reduction of vibration was, as might be 
expected, very marked. 

In the conduct of that class of strengthening wort which 
has been dealt with in this chapter, it is essential* in the 
author's judgment, that the man responsible for the detailed 
calculations and design should himself see the operations of 
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adjustment carried out, or delegate it only to one equally 
familiar with the requirements. 

Before dismissing the subject, it wUl be well to refer to 
a method of approximately determining flexure curves, of 
occasional use in dealing with centre girder or similar ques- 
tions. The figure assumed is plotted to an exaggerated scale, 
with which object the actual radius of curvature at points 
along the girder's length are first ascertained by the formula 

j r - ^ = R, radius of curvature in feet, 
/ X 2 ' 

and the radius of curvature for the diagram by 

12 X R X F^ = »■, radius for plotting, in inches . (5) 
E being the modulus of elasticity, D the girder's depth in 
feet,/ the mean of the extreme flange stresses per square 
inch of gross area, and F the fraction indicating scale as ^, 
where J inch = 1 foot. The curve, being plotted, shows by 
direct scaling the movement of any point relative to its 
original position. Near the ends of the curve where the 
radii may be of considerable length, the arcs may be drawn 
with the help of template curves, or even set out as pieces of 
" straight." 

When the curve is laid down so that its chord equals the 
span to scale, the method involves an error of excess in the 
resulting deflection or droop which is as much as 7 per cent, 
when the mean radius for plotting equals the span as drawn, 
or when the droop of curve approaches one-eighth of the 
span. As the exaggeration of curvature is made less pro- 
nounced, this error rapidly diminishes, till for a droop of 
about one-sixteenth the percentage is one-fourth part of that 
above given. This excess in the droop of curve may be 
amended by the following expression : — 

droop — ( |^°°?2 ^ 3"73j = corrected droop, or deflection. 
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For some purposes it may be preferable to amend the 
radii for plotting, so that the curve, as laid down, shall be 
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Pigs. 77 and 78. 
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correct, which may be effected by the formula here given, to 
be applied to each value of r, as first ascertained : — 

X ■ 0625 j = corrected plotting radius. 

If, however, the length of curve is made equal to the 
span (the chord then beiog less), and the radii for plotting 
as given by (5) are used, the result will for most purposes 
be sufficiently precise, though there wUl now be an error of 
a contrary Mnd, which, for a curve having a droop of one- 
eighth, wUl be about 2 per cent, too little. A somewhat 
similar method of setting out deflection curves is described 
by Professor Fleeming Jenkin in the article " Bridges " of 
the " Encyclopaedia Britannica," but without corrections. 

A careful comparison of results by the above means, with 
those calculated, shows that with good draughtsmanship they 
may be relied upon for considerable accuracy. Equally 
applicable to girders of varyiug depth and flange stress, 
they have also a limited use in cases of continuity. 

Figs. 77 and 78 illustrate the deflection and stress dia- 
grams for the cross-girders of the bridge supposed to have 
been strengthened by a centre-girder, when under the 
influence of live load and a centre reaction of a definite 
amount. As a matter of convenience, each radius length 
has been halved, before correction, so that the resulting 
droop of the curve is twice the true amount. 



141 



CHAPTEE XII. 

CAST-IKON BKIDGBS. 

Cast Iron as a material for bridges has of late years fallen 
into disrepute. It is now entirely tabooed by the Board of 
Trade for railway under-bridges, unless of arched construc- 
tion. This condemnation of cast iron followed, and was 
apparently the result of, an accident which occurred to an 
under-bridge on one of the southern lines, which bridge had 
already ea^ed for itself an ill repute by breaking down on a 
previous occasion. The ultimate issue was, however, good, 
inasmuch as it led to a thorough overhaul of all railway 
under-bridges in this country, and the renewal of a great 
number no longer in a condition suited to the carriage of 
heavy or of passenger traffic ; yet there is little doubt 
that, in the author's judgment, many excellent cast-iron 
bridges were then removed at considerable cost, to be re- 
placed by others of wrought iron or steel, which will not last 
so long as many of those displaced had done, or would still 
have lasted had they not been dismantled. 

The earlier cast-iron bridges were commonly made of 
cold-blast iron, a material of such strength and toughness as 
to give an extraordinary amount of trouble in breaking up 
the heavier parts, when the time arrived to do this, and with 
which material ordinary hot-blast iron is not to be compared 
for reliabihty. 

As illustrating the very considerable stress to which cast 
iron may be subjected, without of necessity leading to any 
mishap, two cases may be cited. The first, a bridge of 32 
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feet effective span, carrying two lines of way, each pair of 
rails being supported upon Barlow rails, forming the bridge 
floor, the ends resting upon the bottom flanges of inverted 
T-shaped girders, 2 feet 3 inches deep, as shown in Fig. 79. 
The extreme fibre stress works out at 2 • 9 tons per square 
inch in tension, and 5 ■ 9 tons per square inch compression, 
calculated as it would be in ordinary ofl&ce work ; but for 
the actual loads, at a s{)an as above, exceeding the clear span 
by 6 inches only, and without regard to the effects of eccentric 
application of the load. The girders when taken out showed 
upon examination no sign of overstrain. The practice of 
loading cast-iron girders in this manner cannot, however, be 




^^. 

Fig. 79. 

too strongly condemned, notwithstanding that in this case no 
ill resulted. It is evident that a piece of the lower flange 
being broken out from this cause, as occasionally happens, 
might so reduce the section as to result in complete failure. 

The second example is that of a small railway under- 
bridge of two spans, continuous over the central pier, each 
span being 16 feet 6 inches. The rails were supported upon 
longitudinal timbers lying within trough-shaped girders, as 
shown in Figs 80 and 81. 

The stress over the pier, in the extreme fibres of the top 
flange, is estimated at 4*7 tons per square inch in tension, 
but it should be noted that the effect of the timber longi- 
tudinal and rail has been neglected in arriving at this result, 
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which might possibly on this account be reduced to near 
3 tons per square inch. 

The case is noticeable because no evidence of high stress 
was apparent. The author saw nothing to suggest sinking 
of the central pier, the effect of which, within limits, would 
be to further reduce the stress as calculated ; but it isjquite 
possible some slight settlement had occurred ; this, as the 
spans were so small, would have a sensible effect. While too 
much reliance should not, it is clear, be placed upon any 
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Figs. 80 and 81. 



estimated result about which there is a lingering doubt, it 
should be remarked that, as it would be necessary the pier 
should sink -^ of an inch, for each ton of reduced stress, it 
is not probable that the results quoted are in excess to any 
material degree ; they are, indeed, more probably low, as no 
notice has been taken of impact. 

Though cast-iron girders for railway under-bridges are 
now prohibited in this country for new works, there are stUl 
uses to which they may be applied, and it may be well to 
insist that girders of this material should be fairly loaded, the 
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weight being brought upon them in such a way that there 
shall be no serious secondary stress, such as arises when wide 
flanges are made to carry concentrated loads ; the author has, 
indeed, met with no instance of a cast-iron girder breaking 
down under a load fairly applied. Preference is now given 
to steel or wrought iron for columns ; while this is often 
quite justifiable, there remain many cases in which nothing 
better need be desired for this purpose than good cast iron, 
provided only that the column be loaded in a suitable 
manner — i.e., axiaUy, and that the arrangement and details 
of the super-structure are such that there shall be no cross- 
breaking efforts, or rocking of the column due to temperature 
or other causes ; unless, indeed, such cross-breaking or 
rocking is definitely taken into account in designing the work. 
The same care observed in the detailing of cast-iron work 
that is not infrequently taken in the design of structures 
made of rolled sections would, in suitable cases, the author 
has no doubt, yield results just as reUable in practice, with 
the advantage of greater resistance to rust, and a reduced 
cost in maintenance. 

Good cast iron is, in fact, when used With discretion, a 
most excellent m,atetial, popular predjudice notwithstanding. 
The oldest metallic bridge in this country at the present 
moment is of that metal. 

The one chief respect in which cast iron is at a disadvan- 
tage compared with wrought iron or steel is that it does not 
give premonitory warning of failure — ^it remains intact, or it 
breaks. The indications of weakness, which maybe read by 
an experienced inspector of other metallic bridges, are in 
a great measure absent. There is also an objection which 
may exist, but is to be avoided by good design and care in 
the foundry — viz., internal stress due to unequal cooling. 
In extreme cases this may lead to fracture before the work 
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lias left the maker's hands, but it can only occur by neglect 
of ordinary precautions. 

In a case which has already been referred to in the 
chapter on "Deformations," page 80, an outer rib of a 
cast-iron arch fractured near the crown after fifty-four years' 
use. Owing to the nature of the design, and the fact that 
the near abutment had closed in slightly, bringing the linear 
arch of necessity near the lower edges of the arch segment 
in question, it was possible to estimate, with a probabihty of 
truth, the extreme fibre stress (tensile) due to the load forces, 
at the upper edge where fracture commenced. The result 
was very far from explaining the occurrence of the break, 
,but an examination of the details shown in Figs. 82 and 83 
wUl make it apparent that, in addition to the tensile stress, as 
calculated, there was probably a severe initial stress of the 
same character due to irregular cooling in the foundry half a 
century before. The sum of these stresses, it is suggested, 
placed this particular casting in a critical condition, such 
that operations in the construction of a new bridge adjacent 
either by producing a smaU further settlement of the founda- 
tions, of which the author saw no evidence, or, as is more 
probable, the attachment of a rope to this rib for the purpose 
of keeping a barge in position, which certainly did occur, 
gave the arch rib just such an additional strain as to result 
in the break shown, though no one of these causes acting 
singly would have been sufficient to induce fracture. The 
inner ribs were of a much less objectionable section. 

Cast-iron arches, though still allowed by the Board of 
Trade rules, are, indeed, liable to be seriously affected by 
settlement, or yielding of the abutments, unless hinges at the 
crown are introduced. As an instance of this may be quoted 
a bridge of some 45 feet span, in which the arches were cast 
in two pieces abutting, and very efficiently bolted together at 
the crown, the sprii^ing and vertical abutment member of 
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the spandrel being bolted and built solidly into heavy 
masonry. The arch sank at the crown, caused by, or itself 
the cause of, a movement of the abutment, with the result 
that the lower bolts at the crown joint broke away, rupturing 








the casting, as shown in Fig. 84. The arch must then have 
acted as though hinged at the crown, as effectiveness of the 
connection was destroyed. It had been better, evidently, if 
a proper hinge had originally been provided. The break 
happened to occur so as to leave a sufficiently good bearing 
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face at the crown ; there was, indeed, no tendency for one 
surfaee to slide upon another ; but in the accidental fracture 
of cast iron this cannot be assured, and the liability to it is 
a risk which should be eliminated if possible. 

A second case of very much the same character has also 
been underithe author's observation, though in this the ends 
of the spandrels were not built into the brickwork of which 
the abutments were composed. Other instances of fracture 
either in the arch proper or in the spandrel work, have come 
under notice, though particulars cannot now be adduced ; 
but the examples cited are by themselves sufficient to justify 
the conclusion that it is imprudent to construct a cast-iron 
arch without a central pin or its equivalent, unless the abut- 
ments, being exceptionally well founded, may be relied upon 
as free from any liability to move. It is, however, to be 
borne in mind that movement in the abutments of a small 
arch of any given absolute amount is more injurious than the 
same amount of movement in the abutments of large arches 
of similar design, so that what maybe negligible in the latter 
case would perhaps be destructive in the former. 

To the absence of ductility and liability to initial stress 
must be added yet another disadvantage to which cast-iron 
work is prone — viz., the possibility of concealed defects, 
blow-holes or cold-shuts ; these in good foundry practice are 
not very likely to occur, but, as they are possible, cannot 
be overlooked in considering the suitability of cast iron for 
bridgework, or, indeed, any structural work liable to serious 
stress, and particularly tensUe stress. With these remarks 
by way of qualification, the author reiterates his opinion that 
there is still a use for cast iron in bridgework. 

With respect to the repair of cast-iron bridges, but little 
is to be said ; the possibilities in this direction are very 
limited. Occasionally it may be desired to deal with the 
fracture of some member in the spandrel bracing of a n arch, 
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when it is commonly sufficient, and even preferable, to limit 
the repair work to confining the fractured parts in such a 
way as to prevent displacement. 

Earely it may happen that an arch fractures as a result 
of settlement, or other movement, when, if it is decided that 
safety of the structure is not imperilled, it will in this case 
also be preferable to confine the parts simply by flitch-plates 
or other contrivance, with no attempt rigidly to make good 
the break, the consequences of which treatment would 
probably be to induce fracture in some other place. Effec- 
tive strengthening of a cast-iron structure is seldom practic- 
able, though something may occasionally be done by the 
negative process of lightening the dead load, or by re- 
modelling the permanent way. Arches may, however, be 
rendered much more reliable by the introduction of suitable 
bracing where this is either wanting or inefficient. 

In scheming such additions it is desirable to arrange for 
as little drilling of the old work as is possible ; where this 
cannot be altogether avoided, the position of the holes should 
be carefully chosen with regard to the effect they may have 
upon the strength of the old work,, 
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CHAPTBE XIII. 

TIMBEE BKIDGBS. 

Timber bridges, though probably the most ancient in 
type, are yet the least durable in any particular instance. 
The perishable nature of the material when used for exposed 
construction renders it peculiarly liable to develop defects 
which quickly put a limit to the life of the structure. In 
addition to decay in the body of the main members — ^which 
may perhaps be long delayed, so that a simple beam bridge 
may last for many years — there is in more complex designs 
decay at connections and joints, which proves very detri- 
mental to the integrity of the whole. Water running upon 
the surface of ^ member gravitates to its lower end, and, if 
there be a joint or other connection, settles there, to be pro- 
ductive of lasting mischief. From this cause, together with 
a very common deficiency of bearing surface relative to the 
forces to be met, the joints soon develop some movement ; 
working of the structure commences under passing loads, its 
final destruction being then a question of time only. Each 
joint is^ia fact, in timber bridge construction a source of 
serious weakness to a degree which has no parallel in well- , 
designed metallic bridges. 

Wrought-iron straps to confine the ends of raking 
members, or for other uses, are liable to crush into the wood, 
and bolts are apt to enlarge the hole through which they, 
pass. Wood keys, where these are introduced to prevent one 
timber from sliding upon another, are also prone to develop 
cracks in the main members, and fibre crippling from excess 
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of stress. All these defects are, however, in timber-work 
more easily defined than eflBiciently remedied, as it is barely 
practicable for any but the harder woods to ensure, for heavy 
loads, a sufl&ciency of bearing surfaces. 

The most readily, detected evidence of deterioration in 
timber bridges is the sag of its bearing members, or trusses, 
for the simple reason that if there is no local trouble at the 
joints, there will probably be no appreciable drop at the 
centre of the span. The existence of such a depression 
may, however, be fcaused in rare instances by the spread 
of the supporting piers or abutments, particularly in 
the case of bSams trussed by end diagonal rakers and 
having no tie. 

Bridges formed of deep trusses, with the road upon the 
top, are sometimes fouiid to be wanting in lateral bracing, 
the result of which is that the main trusses go out of line, 
leaning considerably one way or the other, being checked 
only by such rigidity as the joints and floor-beam attachments 
may have, T*ith possibly some assistance from the end con- 
nections of the span. 

The decay of piles where entering the ground or water 
is, of course, a fruitful source of trouble, as also is the sink- 
ihg of piles, where these are insufficient in number, or have 
not been well driven in the first place. 

A vital difficulty with timber structures generally is the 
uncertainty that will commonly exist as to how far decay . 
extends in those cases where it has started. Timber doed 
not necessarily show upon its surface the evidences Of internal' 
rotting. Memel timber may, indeed, be sometimes found 
to have become thoroughly unreliable, yet showing no sign' 
of this upon its painted surface. By sounding the wciod' 
with a hammer, or by probing, its condition may commohly' 
be ascertained. In cases of doubt, an auger-hOle will make' 
it clear as to whether the interior be good or otherwise, as' 
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to the particular parts te&ted ; but only as to those parts, 
leaving it a matter of guesswork as to the remaindier. 

A railway bridge having many of the defects which have 
been indicated may be quoted as an example. This structure 
crossed a canal, supported upon pUes, some of which were iu 
water, others carrying land spans. The canat span consisted 
of four trusses, one under each rail, or nearly so, framed in 
the manner shown in Fig. 85, precise details not, however, 
being now available. The trusses, apart from deflection 
under hve load, sagged considerably — ^in one instance, 
4^ inches ; one inside truss was also leaning towards |;he 
centre line of the bridge as much as 3 inches. One raUer, 
or diagonal strut, was rotted half through its thickness, ind 
many other timbers were badly decayed. The end connec- 
tions and joints were also in a bad condition. The vertical 
tie-bolts of the main trusses were all slack. The piles 
generally, many of which were badly decayed, had sunk and 
inclined towards one end of the bridge about 4 inches in 
7 ifeet of height, the ground being soft and unreliable. 

Movement under a passenger train crawling over the 
bridge was very appreciable, but not startling. There Had 
been introduced, from time to time, additional timbers aind 
iron ties, with the object of rendering the spans more reliable, 
but leaving it somewhat difficult to determine the function 
of the several members. The bridge was, of course, rec9n- 
structedi i ! 

An instance may here be cited showing how badly dis- 
torted a timber structure may become without actually 
falling. Th^ .bridge i^^ferred to consisted of three spans of 
29 feet, each span having two trusses, between which ran 
a coUiery tramroad, 1-foot 6-inch gauge ; the corves running, 
upon this, at 4 feet 6 inch centres, weighed, when fiillij 
about 10 cwt. each. The trusses were badly out of shape, 
th^ centre span having sagged 5^ inches, with one truss of 
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the same span nearly 10 inches out of line at the centre. 
This little bridge, of which some details are shown in Figs. 
86, 87, and 88, had been in use about twenty years. 

A third case which may be named is that of a road bridge, 
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ahont 12 feet wide, crossing by thirteen spans a shallow river 
liable to floods. The construction was of a simple character, 
as indicated in Fig. 89, and consisted of piles supporting 
tnlssed beams, which had sagged in some instances over 
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2i^ inches. The bridge had, some years previous to the 
author's inspection, been heavily repaired, many new strut 
and stretching pieces having been introduced, the piles also 
being reinforced or renewed. Five years before, a traction 
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Pig. 87. 



engine, said to weigh 5 tons, had passed across the bridge in 
safety; but the author noticed that a coal wagon, which, 
with the horse, weighed about 50 cwt., when walked slowly 
over set up much movement. This bridge had been in use 
nearly thirty years, and was very much out of Une from end 
to end. 
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Fig. 88. 



Though timber bridges cannot at the best be coasidefed 
durable, yet, by attention to certain points in design aM 
construction, their length of life may be materially enhanced. 
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Every out across the grain may be considered an element of 
weakness by exposing the material to quicker decay, for which 
reason the number of ends, or of joints, should be reduced 
to a minimum. An additional reason for reducing the 

number of joints or other 
connections is the Uability 
of these to develop move- 
ment, as already stated, the 
yield of any one joint, being 
the cause of movement in 
others, which might, but for 
this, have remained close. 
These considerations lead 
to the conclusion that few- 
ness of parts is, in timber 
construction, as in structural 
work generally, an excellent 
principle to observe. Mor- 
tising, elaborate scarf joints, 
recessing, or any cutting into 
the timberwhiohis not essen- 
tial, should be avoided, the 
simplest forms of connec- 
tion being preferable, if at 
all suitable. If a step or 
butt surface is wanted for 
any member, it is commonly 
better to provide this by a 
cleat .or other added piece, 
rather than by cutting into the ^ber butted against. 

A complicated joint formed in the body of main timbers 
can dnly be renewed by renewal of the timber itself, whereas 
by the method indicated the joint is readily tightenedj or 
re-made^ without involving the main member. Bearing. 
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surfaces should be ample, straps of liberal dimensions, 
and bolts large (with good washers), both for. the sake 
of bearing surface in the holes, and reduction of any 
liability to bend under cross-stress. In trusses of the 
.form shown in Figs. 85 and 86, it is desirable to intro- 
duce diagonal members in the middle bay, even though it 
may appear that the stiffness of the main beams is suiHcient 
to render this unnecessary as a matter of strength, as with- 
out these there is apt to be, under rolling load, a slight 
distortion^ leading to working of the joints and free entry 
of moisture. Lateral bracjngs should also, for much the 
same reasons, be introduced, even though they may not 
appear necessary in the new structure, with joints all close 
and effective; 

Projecting ends of timbers should be carried out. well 
beyond the requirement of strength or bearing, in order to 
ensure a liberal margin for that decay in the end fibres whiph 
commonly develops. Timbers resting upon abutments, or 
running into confined spaces, should be arranged for free 
ventilation and ready drying. Occasionally joints at the 
lower ends of timbers are protected by lead or zinc flashings 
to prevent water running into them, a method which should 
have some protective value. Whatever measures may be 
adopted, whether in the design or execution of timber bridge- 
work, will, however, be but Uttle effective, if the timber itself 
is not good of its kind, and well seasoned. 

Creosoting to be useful should be thorough and something 
more than skin deep. The timber itself should be well dried 
before treatment. 

The repair of timber bridges very largely consists in the 
renewal of decaying timbers, where this is practicable, or in 
adding supplementary pieces where the old cannot con- 
veniently be displaced. Joints may be tightened up by 
hard-wood wedges, properly secured to prevent slacking back, 
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all bolts being also screwed up tight, perhaps some additional 
being introduced. 

Piles standing in water, which have decayed, may be 
strengthened by driving other piles between the old, or on 
either side, but not of necessity opposite to them, and by 
means of waling timbers bolted to the old piles, put in a 
position to take load, either by the walings resting upon 
their tops, or being bolted to them. Piles decayed where 
entering solid gtound may generally be strengthened by 
bolting on supplementary timbers to reach well above and 
below the decayed part, or by cutting out the bad length, 
introducing a new piece, and fishing the butt-joints in a 
proper manner. But all remedial measures have generally 
to be considered with reference to cost, as compared with 
the probable increase of life of the structure. With a bridge 
in an advanced state of decrepitude, such repairs may prove 
anything but economical, and at the best defer reconstruc- 
tion but a very moderate length of time. 
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CHAPTEE XIV. 

MASONKT BKIDGES. 

Masonry bridges, in which description it is intended to 
include structures both in stone and brick, are, when well 
buUt, amongst the most durable and long-suffering of any 
which come under the care of a maintenance engineer ; yet 
when developing the faults peculiar to their kind, they may 
be the occasion of much anxiety, and render necessary fre- 
quent inspection, or even continuous watching. 

Apart from decay of mortar or material, defects may very 
commonly be traced to the foundations, or to earth-sHps. 
SinMng, when uniform, may be quite harmless, though 
possibly inconvenient ; irregular sinking of piers or abut- 
ments is quite a different matter. It is, however, remarkable 
to what a degree sinking may be evident, without of necessity 
rendering a structure unsafe. Movement of an amount and 
kind which would be fatal to the connections of metallic 
bridgework is endured by bridges of stone or brick ; not, it 
may be, without damage, yet with no occasion for alarm. 
The superstructure of metallic bridges may often, however, 
be restored to the true level before the mischief has become 
serious, whereas in the case of masonry arches this is not 
practicable. 

Spreading of the abutments is very seldom the cause of 
any great injury to an arch, though it is common enough to 
find old and flat arches slightly down at the crown ; but the 
contrary case of abutments closing in is not very unusual 
when these are high, or terminate a viaduct over a deep 
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valley. Such an abutment may move during or soon after 
construction, throwing up the crown of the end span affected ; 
or, if the arches are very solid and heavy, the abutment may 
shde forward at the base, with no sensible reduction of the 
opening. 

When a viaduct connects the two ends of a high embank- 
ment, it may happen that the end piers are not clear of the 
embantment slope, in which event a pier may, should the 
bank sKp, move with it, as to that part not ia sohd ground ; 
with the result, in a bad case, that it is broken across and the 
superstructure imperilled. 
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A case of abutment movement is illustrated La Fig. 90, 
which represents the end arch of a masonry viaduct, one 
abutment of which had moved forward in the manner 
already referred to. From the springing upwards the arch 
retained its form to within a short distance of the crown, 
where it was forced up iu the way indicated. When the 
movement became pronounced, heavy timber centering was 
introduced, with the object of preventing any mishap, the 
damaged portions being ultimately cut out and made good. 
The structure was thirty-five years old. 

The practical utility of stop piers in long arched viaducts 
is, perhaps, rather in checking movement of the tops of piers 



MASONRY BRIDGES. 159 

under moving load than in arresting actual failure of a series 
of arches. That the tops of piers do move very sensibly 
need not be doubted. The author has attempted to measure 
this in the case of piers about 60 feet to the springing, by 
means of a theodolite placed below, but has reached no more 
definite result than that a movement exifited, of which he 
was not able to determine the amount. If in a viaduct some 
arches are more heavily loaded than others, each spreading 
slightly, the end piers of the group will move amounts which 
together equal the sum of the individual span spreads, with 
a tendency in the arches beyond those of the group overloaded 
to rise. 

This rocking may be detrimental both to the piers and 
arches, and helps to account for the disintegration of mortar 
in arches and piers, which not infrequently happens. The 
soffits wUl sometimes be seen with a thick incrustation of 
lime, which has washed out of the joints, or from limestone 
ballast above, where this has been in use. Arches of tall 
viaducts may, indeed, become in so bad a condition that 
pieces of stone or brick will drop out, necessitating repair at 
heavy expense, of which scaffolding is commonly a large 
part. 

TaU piers may be found badly out of the upright due to 
sinking of foundations. A marked case of this kind came 
under the author's notice — a viaduct of fifteen semicircular 
arches, in which, though many piers were wanting in truth, 
pne in particular was about 1 foot 4 inches out of vertical, 
making one side of the shaft plumb, and doubling the normal 
batter of the other. Inquiry showed that in this instance 
tiie pier had never been upright from its earliest history 
dating back thirty-six years. This makes clear the desira,- 
bility, to avoid hasty conclusions, of ascertaining, when it is 
possible to do so, the complete record of any structure. 

A bridge fiftyreight years old, of three skew spans, carry- 
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ing a railway over a canal, and having somewhat fiat brick 
arches with stone quoins upon low piers, developed the some- 
what unusual defect, as to the centre arch, of splitting along 
its length for about 10 feet, parallel to and some 7 feet from 
one face. In this case there was reason to believe that there 
had been considerable local settlement of the piers on that 
side of the bridge. The arches were otherwise in bad condi- 
tion, the brickwork poor, and the mortar decayed. Each 
arch was down at the centre, and displayed a fault not 
unusual where bad brickwork joins up to good cut stone- 
work, the quoins showing a tendency to separate from the 
brick rings. Below the bridge were coal-workings. 
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Brick arches built in parallel rings sometimes separate 
one ring from the other, demonstrating the known propriety 
of bonding the rings together properly, and of carrying the 
arch round, when building, at its fuU thickness. 

An instance of bridge failure from a somewhat peculiar 
cause may be quoted as of some interest, largely because the 
structure was very ancient, having been in existence some 
400 years. This bridge, carrying a road, was of the type 
usual in old masonry bridges over a river, having small 
arches, thick piers, and solid backings to the arches. Two 
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flood-openings at one end had, by sinking and want of care, 
become partly closed. The centre arch had, however, been 
widened about 140 years previously. During a severe flood, 
the swollen river, overflowing its banks, trespassed upon a 
timber yard a little above bridge, and washed down into the 
stream a large quantity of sawn timber ; this, unable to get 
through the main arch with freedom, compacted into a serious 
obstruction. The flood water, thus checked in its passage, 
seems to have scoured below the timber, and robbed the piers 
of such support as they formerly had (see Fig. 91). The 
bridge stood in this condition till the water lowered, when 
the middle part of the structure broke up, and subsided into 
the hole which had been washed out. But for the monolithic 
character of the old work it is probable the bridge would 
have failed long before, as the gravel bed on which the piers 
stood had been partly under- 
mined for very many years. 
The case is instructive, as 
showing how a slight acci- 
dent — powerless by itself 
to work mischief — ^may be 
very damaging when allied 
with so powerful an agent 
as running water. 

The enduring character 
of even the roughest class 
of masonry arch, if only 
the material be good and 
abutments stable, is shown 
when it becpmes necessary to destroy old work of this 
character. Fig. 92 represents a short length of " cut and 
cover " arching in process of demolition, just before it 
fell in. The masonry was of hard sandstone rubble and 
had been cut away, as shown, till at the point A only a very 
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small piece of the arch remained, when the length finally 
broke up and dropped. Arches have commonly a great 
reserve of strength ; tunnel linings are, indeed, often badly 
out of shape, closed in, and sunken ; yet continue, with close 
watching, and occasional repairs where the work has decayed 
or bulged, to serve the purpose intended. 

Though the equilibrium of masonry arches has been the 
occasion of much profound study, and the nicest calculation 
has sometimes been applied to the design of such work, yet 
it appears that when an arch is well backed up, the theoretical 
linear arch need have bat little connection with the figure of 
the intrados ; a statement consonant both with common-sense 
and the teachings of experience. With soUd backing, this 
would indeed seem to be more important than any part of 
the arch ring below the top of the backing, the lower part 
of the ring serving chiefly to preserve the face of the solid 
work. Arches are frequently to be met with so out of their 
true shape that but for the consideration named, failure 
would seem to be inevitable. The masonry or brickwork 
does not always show evidence of damage, if the distortion 
has been slow ; suggesting that structures of this kind have 
a power of accommodation with which they are not generally 
credited. 

A noticeable cause of deterioration of masonry structures, 
which may be quite independent of settlement, is serious 
vibration. This is well known in connection with church 
belfries, and is also locally apparent when telegraph or other 
poles are attached to masonry parapets. Vibration, when 
caused by heavy railway traffic, acting upon arches light or 
originally bad, may demoralise the structure to such an extent 
that repair becomes exceedingly difficult, because of the ex- 
tensive character of the mischief ; but masonry bridges sub- 
stantially built, and particularly those carrying ordinary roads, 
and not subject to much vibration, have great lasting powers, 
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if repaired with skill, or even let alone. Distortion of the 
arch may be quite consistent with practical stability, if the 
movement or decay with which it originated is not progres- 
sive, or has been arrested. In this connection a distinction 
is to be made between arches well backed, to which the fore- 
going remarks apply, and in which the two halves of each 
arch may act as separate monoUths meeting at the crown, and 
the case of a true arch ring independent of any outside resist- 
ance, such as backing or spandrels may give, and depending 
almost wholly upon the proper balance of its component 
voussoirs for its stability. With the latter class of structure 
no Uberties may be taken ; whilst with the former there is 
seldom cause for fear, if the foundations do not give way, 
and the work is dealt with judiciously, if at all. It must, 
however, be understood that there are limits as to what 
may be done effectively, short of rebuilding, in deaUng with 
structures in which, perhaps, brickwork is rotten and mortar 
decayed and crumbling, the whole being little better than a 
broken mass of rubbish. 

In cases where it may be prudent to introduce safety 
centring, as in an instance already referred to, it is commonly 
expedient to refrain from causing this to take any sensible 
part of the load till aU movement has ceased, the centres 
being at the outset largely precautionary. The requirement 
with an arch in bad condition is to avoid disturbing it for 
the worse. If the centres are wedged up whilst movement 
is still going on, the effect may be to cause the arch to break 
up upon the centring, and precipitate repair work which 
might otherwise have been left to a more convenient time, 
when all movement had stopped or been checked by suitable 
measures. Viaduct arches in a bad condition, but not 
necessitating the use of relief centres, are commonly dealt 
with piecemeal by cutting out the bad places, a small part 
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at a time, and making good. The work requires the greatest 
care of experienced men. 

Pointing masonry or brickwork is effective for little 
other than protective purposes, and to check further weather- 
ing ; it has obviously no effect upon the interior work, and 
if made to cover up the evidences of internal decay, is even 
misleading and objectionable. In extreme cases it may be 
desirable to open out the road and deal with the filling, to 
relieve or to strengthen the outer spandrel walls, which some- 
times bulge, or for other purposes, as, for example, for re- 
building inner spandrel walls, grouting up or otherwise 
repairing solid backing, in which operations some regard 
must be had to the effect of the work upon the balance of 
the opposing halves of the arch. 

Of the different classes of masonry commonly used in 
bridgework, it may be well to remark that good coursed 
rubble, or preferably that variety bonding both vertically 
and horizontally, of a durable stone, perhaps quite unfit for 
any but rough dressing, may make a most lasting structure, 
the mortar, of course, being good. Bach rough-dressed stone 
presents a durable piece, fragments removed separate from 
the block, probably along some line of relative weakness — 
there is no " nursing " of weak corners ; whereas with stones 
reduced to a perfectly regular shape by chisel work, the 
plane surfaces and geometrical angles are made with partial 
regard only to the natural grain of the stone. 
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CHAPTEE XV. 

LIFE OF BBIDeES — ^RELATIVE MBBITS. 

The life of bridges of differing materials has been incident- 
ally touched upon by the examples quoted, in dealing with 
each class of structure. It will be useful to recapitulate 
some of the facts adduced, and to compare the terms of life 
so far as they appear to be indicated ; but in doing this it is 
necessary to remember that the life of a bridge of any one 
material is inseparably connected with its own private history. 
The duration of any such structure may be limited by ad- 
verse conditions, peculiar to the case considered, by defects 
of design, material, or workmanship — present from the first 
— or by neglect, overloading, or accident, making up its later 
record. 

With the exception of timber structures, it is difficult to 
find any class of bridges furnishing examples which have 
reached the limit of Ufe, independently of the evils named, 
and as a result of unavoidable decrepitude. There are none 
the less influences at work tending to this condition, and 
which it is too much to expect can in all cases be foreseen or 
completely guarded against, such as the shifting or scouring 
of river-beds, settlement of foundations, natural decay, and 
minor faults in design, which even in the most capable hands 
may be expected ever to fall short of perfection. At the 
best, then, the life of any structure, though long, must have 
a limit. With bridges of more average or inferior qualities 
the life may be positively short, even without the destructive 
influence of overloading. 
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Dealing with instances of metallic bridges, the adjacent 
table gives the time each had been in existence when removed, 
and some indication of the reason for its condemnation. 
Those marked with an asterisk were cases of pronounced high 
stress. From a study of the table it appears that in actual 
practice, making no excuses of any sort, the length of life of 
the wrouglit-iron bridges specified varied between twelve and 
thirty-six years ; but these figures appUed to this collection 
of cases only. It is to be remarked that many other bridges 
outlasted these, and are Ukely to continue reliable. These 
results show, then, no more than that some wrought-iron 
bridges are short-lived, having, in fact, been selected as 
examples of this. Longer-lived exceptions are useful, as 
indicating that the durability of such structures is by no 
means so limited as the table would suggest. It is to be 
observed that, as design and maintenance are now better and 
more generally understood than when experience was largely 
wanting, it is to be expected that later examples will show 
no such poor results. 

Of steel bridges little can be said, because of the limited 
time this material has been in use ; but the generally acknow- 
ledged belief , quite in agreement with the author's observa- 
tion, that steel rusts more freely than wrought iron, suggests 
that such bridges will have a shorter lease of life, the more 
so that the surface-to-section ratio is also greater for higher 
unit stresses, though other adverse infiuences are much the 
same for one material as for the other. 

Of cast-iron structures but few cases have been given ; of 
these, cast-iron arches have been noticed as developing defects 
which led to reconstruction, or to Hmiting the loads to be 
carried. Plain cast-iron girders, on the other hand, have 
never, under the author's direct observation, been removed 
for any other reason than ' because they were cast iron, or 
from over-stress, due to the growth of loads ; never from 
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defects or wasting, though it is not suggested no such cases 
exist. The author has no evidence which points to what 
may be the limit of life of a good cast-u-on girder fairly 
treated. 

Examples of Life of Metallic Bridges. 



Descrlpllon. 


Span. 


years. 


Delect. 


Refer- 
ence. 




ft. in. 








Wrought Iron. 




Plate girders 


(?) 


12 


Loose rivets 




♦Ditto . 


35 


12 


Ditto 


P-^L 


Ditto . 


55 


14 


Bust. Distortion 


/pp. 78 
& 97 
p. 50 


Trough girders . 


11 


16 


Loose rivets 








Cracked webs 




Plate girders 


(?) 


22 


Loose rivets 




Twin girders 


31 6 


23 


Weak. Cracked webs 


p. 13 


Ditto . 


85 6 


23 


Weak. Distorted. 


p. 74 


Plate girders 


42 


23 


Loose rivets 
Cracked webs 


p. 21 


Ditto . 


72 


29 


Weak. Loose rivets 


p. 53 


Ditto . 


47 


24 


Distortion 


p. 9 


Ditto . 


32 


32 


Bust. Cracked webs 


p. 14 


*Ditto . 


25 


36 

Ste 


Weak 
el. 


p. 63 


•Trough girders . 


15 8 


32 
Oast J 


Weak. Busted 
Iron. 


fpp. 68 
[& 98 


*Girders 


32 


36 


Weak 


p. 141 


Girders, cast-iron 










piles 


(?) 


44 


Ditto 




Arches 


45 


55 


Crack. Settlement 


p. 145 


Ditto . 


100 


62 


Crack. Deformation 


{K 



With timber bridges the length of life appears to be about 
twenty-five years, but this is very largely dependent upon 
the question of maintenance, and may range from fifteen to 
thirty-five years. It is manifest that repairs, when extensive 
and consisting of the renewal of the more essential parts of 
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the structure, border upon reconstruction, and may be con- 
tinued indefinitely. The length of life in ordinary cases, 
and for the timbers commonly used in this country, may, for 
railway bridges, be taken as stated, though for highway 
bridges possibly longer. 

Of masonry bridges Uttle is to be said but that it is only 
in cases of bad work or material — with, perhaps, vibration 
or settlement — that these have a shortness of life comparable 
with that of defective metallic bridges. Where these adverse 
conditions obtain, heavy repairs may be necessary before the 
structure is many years old ; but, under reasonably fair con- 
ditions, bridges of masonry may be expected to outlast struc- 
tures in any other material. Apart from road-bridges which 
are admittedly long-Hved, there are a large number of railway 
bridges and viaducts of masonry which, despite heavy loads 
and vibration, have been in use for the past seventy years. 

Dealing with the cost of maintenance, this with bridges 
of wrought iron or steel should result simply from scraping 
and painting, with such other incidental work as may be 
necessary on the subsidiary materials used in the structure. 
The cost of painting will vary with the height and character 
of the bridge, and the amount of scaffolding, if any, and 
may be from 5d. to Is. or more per square yard ; this if 
distributed over five years, a not unusual interval between 
each painting, works out at an appreciable figure, which may 
vary from one-third to one per cent, of the first cost, per 
annum. The yearly cost of painting steel-work wiU, for 
shorter intervals, come to a somewhat higher figure. Serious 
occasional items of expense are those which should not be 
necessary, repairs and possibly strengthening, which may 
raise the total cost of maintenance very considerably. 

Oast-iron bridges, being less liable to rust, cost less for 
painting than other metallic bridges ; and if the cast iron is 
closed in by masonry, practically nothing ; they do, indeed. 
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involve very little expenditure in the maintenance. Not 
being very amenable to repair or strengthening, cast-iron 
bridges commonly remain very much as built, or are recon- 
structed. 

The proper care of timber bridges may become costly as 
the structure gains in age, and soon grow to a very wasteful 
expenditure. This is evident when it is considered that 
repairs may be necessary after ten years, and that whatever 
may have been the cost of any part when new, it cannot be 
replaced for the same amount, having regard to the labour 
expended in removing the old member, and the special pre- 
cautions to be observed in dealing with an old structure 
carrying its load. In addition to ordinary repairs, there will 
be paint or other protective coating to be appUed, though 
this is not always done. 

The upkeep charges of masonry bridges will be practically 
nothing in favourable cases ; but, on the other hand, where 
extensive repairs become necessary, may reach a considerable 
amount. Exceptional outlays are, however, infrequent, and 
may be spread over a large number of years, in those rare 
instances in which they become imperative. 

First Cost. 

Timber 
Masonry 
Steel 
Cast iron 
Wrought iron. 

For purposes of ready comparison, placing bridges of the 
materials under review in order of durability, they would 
appear as in column 1 of the table above ; in order of low 
maintenance charges, generally as in column 2 ; and in order 
of low first cost, as in column 3. With respect to the ques- 
tion of first cost, the arrangement of the third column appUes 
only to small bridges, say, up to 70-foot span ; and, being 



Durability. 


Mmntenance 
Charges. 


Masonry 
Cast iron 
Wrought iron 
Steel 
Timber 


Masonry 
Cast iron 
Wrought iron 
Steel 
Timber 
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liable to variation with the conditions, is but approximately 
correct. The less costly descriptions of masonry are alone 
considered in this connection. 

It may be added that the total yearly charge of interest 
on first cost, redemption, and maintenance, appears to be for 
masonry bridges, about one-half only of the corresponding 
totals for bridges of wrought iron, steel, or timber ; those of 
cast iron taking an intermediate place. 

Summarising the above considerations, and dealing with 
the relative merits of bridges in the different materials, it 
may be broadly stated that for conditions at all suitable 
nothing seems to be superior to masonry — including in 
this description first-class brickwork — ^whether for road or 
railway bridges. One pronounced advantage of such bridges 
with respect to length of life, is that they are but little 
affected by increase of loads. The mass of a masonry arched 
structure is so great, and the margin of strength commonly 
so liberal, that considerable increments of load may have but 
little effect upon the reliability of the structure. 

Cast iron has, for bridges of simple design, a strong claim 
to the second place, though its want of ductility is a demerit. 
It can, however, have but a limited use in bridge construction, 
being applicable only to small girder spans and skilfully- 
designed arched structures. 

For bridges of moderate span in which the question of 
cost does not control the matter, wrought iron should pro- 
bably come next, steel being best reserved for those of a larger 
size, in which weight of the structure greatly affects economy. 

Timber may be regarded as a material rarely to be used 
in this country for structures to occupy a permanent place, 
unless for urgent economic reasons of the moment. 

While expressing this general view of the matter, it is to 
be admitted that the propriety of these conclusions is some- 
what discounted by the diflSculty there now is in obtaining 
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cast iron of the desired toughness, or wrought iron with 
promptitude and suificient variety of section at a reasonable 
price. 

It is apparent, also, that the choice of material may be 
largely influenced — even determined — by considerations of 
headway, construction depth, or character of foundations ; so 
that no very definite rules can be usefully laid down, though 
the adoption of unsuitable materials has not been so unusual 
as to make these suggestions altogether purposeless. 
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CHAPTER XVI. 

EBCONSTEUCTION AND WIDENING CONCLUSION. 

The need for the reconstruction of bridges, arising from 
various causes which have been treated in the preceding 
chapters, original weakness or faults in design, decay or defects, 
may also be caused by such extraneous considerations as the 
growth of loads, widening of the openings spanned, or im- 
provement of the headway. 

In any case, a precise survey or measuring up of the 
structure and its immediate surroundings is required, in the 
execution of which the greatest care is desirable, and with 
respect to which it may be weU to give a few hints. 

The surveying chain, when used, should be tested, the 
measure of accuracy required rendering this imperative in a 
degree pecuUar to work of this class. Linen tapes should 
also be compared with a reliable steel tape, and used only 
where suflSciently accurate for the particular purpose. A 
careful and observant man may do very good work with a 
linen tape, making just that allowance in the sag of the tape 
which corrects for the inevitable stretch ; but there is still 
some uncertainty involved in its use, and the author prefers 
to rely upon a steel tape, notwithstanding the inconvenience 
commonly experienced from its intractable nature and liabiUty 
to damage. 

Instruments used must also be in the best adjustment ; 
as errors, which in ordinary field work may not be of great 
importance, are inadmissible in bridge work. 

It is not necessary here to enter upon the methods of 
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small survey work, but it may be desirable to point out that 
abutment walls should be plumbed for verticality ; girders, 
which are liable to be leaning, defined in position by reference 
to their bearings ; and generally that it should never be taken 
for granted that there is truth in old work, or that this may 
be assumed as to line or level. 

In cases where disputes with any local authority as to 
headway are likely to arise, it is prudent to supplement the 
information as to level of sofBlts by rods cut to length in strict 
agreement with the clear height, before removing the old 
superstructure. 

It is apparent that in cases where the superstructure is 
already condemned, the detail measurements may be confined 
to that part of the structure which is to remain, securing 
only such information as to the work superseded which may 
be required in arranging for the new work. 

In taking particulars of skew bridges, needless as the 
warning may seem, it is yet necessary to remark that there 
may be right or left-hand skews which will not reverse. 
The author has known a disregard of this to make serious 
trouble in two instances. 

Dealing first with reconstruction of the superstructure of 
railway under-bridges, these, if small, may not give much 
trouble, though the demand for greater strength wiU, perhaps, 
involve some difficulty in working to the limiting construc- 
tion depth — i.e., the distance from the top of rail to soffit of 
bridge — particularly as many old bridges have a very nig- 
gardly allowance in this respect. It may be, and quite 
commonly is, necessary to raise the rails a small amount, or, 
if headway is not restricted, to lower the soffit. Clearances 
between the running gauge and girder-work may also be 
difficult to secure, more liberal allowances being now required 
than formerly. Complications in the character of the per- 
manent way, so frequently found upon old bridges, should. 
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of course, be got rid of, if possible ; but the endeavour may 
introduce further difficulties. Kegard must throughout be 
had to the methods to be adopted in removing old work and 
in erecting the new. Perhaps the simplest case to deal with 
is that where girders lie parallel to, and under the rails, with 
a timber floor upon which the permanent way is carried, as 
sections of the road involving pairs of girders may be readily 
removed, and replaced by the new girder-work (see Fig. 93). 
If the deck be of trough flooring or old rails, the matter may 
not be so simple, as regard must then be had to the position 
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of joints in the existing floor, and the new work be schemed 
with respect to the number and office of girders which may 
be got in at any one breaking of the road. A sl^ht slewing 
of rails may sometimes be resorted to on occasion, where this 
has the effect of releasing some part of the work not other- 
wise to be dealt with. 

Bridges having main girders, with timber or trough floor- 
ing resting upon the bottom flanges, or suspended by bolts, 
will, if carrying many roads, cause some little difficulty, as 
the dismantling of any one span involves the disturbance of 
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others ; where, however, many lines are concerned, it may 
be feasible to put one or more temporarily out of use, pre- 
serving the continuity of traific over those which remain, 
but refraining from any diversion of the more important 
roads. 

Somewhat similar troubles occur where main girders with 
cross-girders at the lower flanges are found, particularly if 
the cross-girders are arranged in line, the ends abutting on 
each side of the same main girder webs. It is seldom, how- 
ever, that this construction is used in bridges of small span 
carrying many roads ; but where it does occur, it may necessi- 
tate the use of timbering below, to carry the ends of cross- 
girders when freed from their supporting main girders. 
(See Fig. 94.) 
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Fig. 95. 



If it is proposed to use new main and cross-girders, it is 
desirable to arrange these in the manner already recommended, 
the cross-girders not in line ; this has peculiar advantages in 
reconstruction work, as the bolting up and riveting of the 
cross-girder ends is not hampered by other cross-girder 
attactments, leaving each piece of floor complete in itself. 
Twin main girders are occasionally used with the same object^ 
and present the advantage of simplicity in erection and in- 
dependence of one span from those adjoining (see Fig. 95) ; 
but the method is wasteful of space, and involves a somewhat 
greater total weight in the main girders. 

The foregoing observations apply more generally to small 



176 THE ANATOMY OF BRIDGEWORK. 

single-span bridges, the operations on which may be effected 
without any material disturbance of traffic arrangements ; 
though this can seldom be wholly avoided, it should be con- 
fined, where practicable, to a few hours on a Sunday. 

The reconstruction of bridges over 70-feet span may have 
to be dealt with under more elaborate arrangements, if carry- 
ing two lines only, possibly with single-line working for a 
period more or less protracted ; or it maybe necessary, having 
regard to the weight of main girders to be removed, to carry 
the whole structure upon temporary staging, supporting the 
road independently, cutting up and removing the old work, 
and later putting the new work in place, either by detailed 
erection in its ultimate position, or by erection at one side 
and drawing across. The latter method is, however, com- 
monly reserved for cases in which no special staging is used 
under the old structure. 

Bridges of a number of openings are usually dealt with 
by securing full possession of one road at a time, which for 
double-line bridges necessitates single-line working. It is, 
commonly out of the question, even with moderate spans, 
to deal with some of these only at a time, and so avoid con- 
tinuous possession of one road, for a lengthened period ; and 
it can only, as a rule, be managed where the ends of the new 
main girders do not in any way interfere with those of the 
old, and where it is not necessary to reset bed-stones, or make 
other alterations in the bearings which necessitate the com- 
plete clearance of the pier-tops. In exceptional cases it may 
be found possible to arrange for the complete removal of a 
small number of moderate spans on a Sunday, and the putting 
in place of the new work, as in the case of small single spans. 

Spans erected to one side of the final position, to be later 
travelled across, are commonly mounted upon gantry staging, 
and up to 50 tons weight may rest directly upon rails well 
greased. The power adopted to move the span is usually 
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that of screw or hydraulic jacks, or occasionally engine haul- 
age, special tackle being in that case necessary to apply the 
engine power in the right direction. If the time is limited, 
or weight considerable, a more elaborate arrangement by 
which the load is supported upon wheels, may be necessary, 
with a view to reducing the resistance to a manageable 
amount. All work which it is possible to do before shifting 
into place, including the permanent way, where this is of a 
special character, should be executed in advance, leaving only 
the rail connections to be made good when the span is in 
position. 

Where timber staging is used to carry the permanent 
way before dismantling an old structure, it is convenient to 
begin by placing stout balks of timber under the sleepers 
from end to end of the bridge, or directly under the raUs if 
space is limited ; the staging is then arranged to give support 
to the running timbers. 

Metallic under-bridges of ample headway, perhaps over 
coal-workings (since settled down), or for some less sufficient 
reason made of metal, may be cheaply replaced by brick 
arches built below the old superstructure, the springings of 
the arch being checked into the face of the existing abutments. 
With stout walls, careful work and good material will make 
this an efficient and durable job. 

It being a primary condition of reconstruction work to 
interfere but little with ordinary traffic arrangements, single- 
line working is avoided wherever practicable ; as this, always 
objectionable, may necessitate the erection of special signals 
and signal apparatus, besides the temporary remodelling of 
the roads, and in this country may involve also a Board of 
Trade inspection — altogether a troublesome and expensive 
business. 

Any bridgework which is accompanied by breaking or 
blocking the road can only be undertaken by arrangement 
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with the traffic department, after notice duly given and 
published in the periodical record of such matters ; it is 
generally fixed for a, Sunday. Preparatory to this, it is 
necessary to make all ready by getting as much done before- 
hand as is possible. Wherever practicable and prudent, the 
whole work is released from its surroundings, masonry cut 
away, rivets cut out and replaced by good bolts, nuts removed 
from holding down bolts, or the bolts cut through, etc. 
Particular care should be exercised to ascertain what remains 
to be done immediately prior to removal. It is necessary 
further to arrange for trucks to be in readiness to receive old 
material, and others containing new girder work to be con- 
veniently stationed, having been loaded up to come right end 
foremost ; engine power, cranes, empty and loaded trucks, 
being aU marshalled and so placed as to be available in proper 
order, and as wanted. There must be no mistake as to what 
roads will be fouled by swinging the crane with its load, or 
as to the reach of the crane in effectiug its work. 

The whole operation to be conducted on any Sunday 
should be well within the resources of the men and plant 
engaged ia it, or so managed that it is a matter of no serious 
importance if the whole cannot be completed as originally 
desired. 

Possession of the roads to be blocked having been secured 
between certain hours, if some part only of the work to be 
carried out has been completed as the time grows short, any 
attempt to execute the remainder may result ia checking 
trains until such time as the line may be reported clear — a 
contingency to be avoided — though the temptation to save 
another Sunday's work by delay of a few minutes to some 
one train may be considerable. 

In scheming any reconstruction, it may be insisted that 
at least one feasible method of carrying out the work must 
be secured, though it is the author's experience that frequently 



RECONSTRUCTION AND WIDENING. 179 

some other method than that contemplated is in the end 
adopted, when, some months later, the final arrangements 
for fixing are made. The tendency of a zealous erector is 
commonly to take fuU advantage of any facilities offered, 
with a view to a moderate amount of work being done at any 
one time, and to achieve as much more as he can himself 
secure by scheming, or a hberal use of labour ; all Sunday 
work, with attendance of engines and cranes, being of neces- 
sity expensive. 

EaUway over-bridges do not commonly present any 
particular difficulties. The spans to be dealt with are 
usually small, and the weights to be lifted moderate. The 
height above rails may, however, be above the lift of any 
crane ; and, for the purpose of raising main girders, a derrick 
may become necessary, the rearing and guying of which may 
block many roads during the time it is in use. The girders 
of larger spans, too unmanageable to be lifted whole, may 
be erected upon staging ; to secure the requisite headway 
it may be necessary to buUd the girders at a level above 
that at which they will finally be, lowering them into 
position when self-supporting, and after the removal of the 
staging. 

The widening of railway under-bridges is, as a rule, a 
matter of no special difficulty, but some remarks may be of 
use. Widenings should be planned with a regard to lat«r 
reconstruction of the original bridge, if that is at all Ukely 
to be necessary, and with the object that, when complete, 
the whole should be a consistent piece of work. 

It may, indeed, happen that widening of a bridge may 
involve the remodelling or reconstruction of the old work, 
to enable the new roads to be laid down as desired ; this is 
more likely to be necessary where there exist main girders 
not competent to take any additional load, and to duplicate 
which would sacrifice space between the new and old roads ; 
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or it may be unavoidable because of slewing of the old rails, 
as part of a general rearrangement. 

Dealing with widenings simply, there is often some little 
trouble in contriving a connection between the new and the 
old work, as this may have to be made under, or close to, the 
sleeper ends of the existing roads. It is desirable to arrange 
this part so that no drilling of old work for rivets or bolts 
shall be necessary, there being, in fact, no strict connection. 
By judicious scheming, this may be effected, whilst securing 
freedom from leakage of water at the joint. (See Figs. 96 
and 97.) If tying of the new and old structure is desired. 
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this can usually be done quite simply, well below the floor at 
some more accessible level. 

The strict jointing-up of trough flooring, new to old, at 
right angles to the troughs, cannot be contemplated, but may 
be dealt with by treating each part independently, the ends 
being near together, separated by the space of an inch or so. 
Each trough end being closed up by a diaphragm or oak 
block to prevent ballast dropping through, the top of the 
space may be covered by a loose strip, secured to prevent it 
shifting, the bottom provided with a gutter of liberal dimen- 
sions to take away leakage, as it is practically impossible to 
make this arrangement "drop dry" under the conditions 
common in executing work of this kind (see Fig. 98). 
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Where trough flooring, new and old, has to be made good 
parallel to the troughs, the difficulty of making a direct con- 
nection is less marked, and it is not unusual to introduce a 
strip cover simply ; but if accessible, the work is stiU trouble- 
some, as there is commonly a want of strict alignment and 
truth as to level, between the new and the old troughs. It 
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is preferable to arrange for junctions of a more convenient 
type, as in Figs. 99 and 100. 

When widening masonry arch bridges by girder-work, it 
is desirable to insure that any girders parallel to the masonry 
face shall be sufficiently far removed from it to enable paint- 
ing to be executed. The space remaining between the girder 
and the arch may then be bridged by floor-plates, or an ex- 
tension of the timber floor if that is adopted. 
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In eifecting a junction such as this, the author has used 
the arrangement shown in Fig. 101, the advantage being 
that the piece of connecting-floor is sufficiently wide, and 
also sufficiently flexible, to allow the girder-work freedom to 
deflect without doing harm. The load carried by the width 
of floor is, as to one part, delivered well on to the old 
masonry, in preference to being imposed near to the face. 
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Figs. 99 and 100. 



If it should for any reason be imperative to place the girder 
close to the arch face, it is preferable to scheme the floor so 
that there shall be no actual contact, the jiew floor in that 
case slightly overhanging the masonry, as in Fig. 102, or 
dealt with as in Fig. 10.3, if depth is restricted. 

The widening of masonry arch bridges by masonry, calls 
for no other remark than that the new work should be free 
from the old ; though it may be advisable, when the widening 
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is narrow, to tie the new work to the old in such a way as 
to permit independent settlement. 

If the widening is exceptionally narrow, there may be 
no choice but to bond the new and old work together, and 
in the best manner, with the object of minimising the risk 
of separation. 
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Pigs. 101 and 102. 

The aboye matters relative to widenings, though appar- 
ently trifling, may by neglect cause much trouble and expense 
in maintenance. They principally concern small bridges, 
the extension of larger structures coming rather in the cate- 
gory of independent works. 
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Conclusion. 

In bringing these chapters, dealing largely with questions 
affecting maintenance, to a close, it may be well to draw 
attention to the fact that economy in design (apart from 
improper reduction of sections) goes hand-in-hand with 
economy of upkeep. Given good material, that which favours 
low first cost, simplicity of detail, fewness of parts, absence 
of smithing, the use of roUed sections, and good depth to 
girders, favours also small expenditure in maintenance. 
The less complex the design, the easier wiU it be to keep the 
structure in order ; the less the number of parts, the fewer 
will be the connections. Freedom from smithing eliminates 




Fig. 103. 



liability to failure at cranks, or other work which has been 
subject to fire. It is apparent also that the free use of rolled 
instead of built-up sections, reduces the liability to trouble 
from bad riveting, or from good riveting overstressed. A 
liberal depth to all girders, by reducing deflections, limits the 
inclination of the ends and gives the connections a better 
chance of remaining intact. Lastly, with work of this 
character, the labour of scraping and painting is simplified 
and cheapened. 



CONCLUSION. I8S 

The author wishes to reiterate the statement made in 
the opening paragraphs of this book, that all instances of 
decrepitude, failure, or peculiar behaviour cited, have been 
under his direct observation. The fact is insisted upon 
simply that the reader may appreciate that the information 
is at first hand. 

It has not been thought necessary, nor was it considered 
desirable, to indicate the locality of each case referred to ; 
but it may be said that the matter of these chapters has been 
accumulating during many years, and relates to structures 
under the control of many different bodies. 

The study of old bridges is strongly recommended, 
particularly with respect to stress and strain, which in struc- 
tures new or old, occur possibly as may be expected — certainly 
as they must. Consideration of existing work may thus be a 
useful check upon the fanciful requirements of some methods 
of design. There is a recent tendency, for instance, in English 
practice to over-stiffen the webs of plate-girders, such that if 
the theory upon which the results are based were true, many 
old bridges carrying their loads with no sign of distress, should 
have failed long ago. Excess in riveting is a common ex- 
travagance, to which the same criticism may in a less degree 
apply. Considerable impact allowances for girders of large 
span may also be referred to as an appHcation of empiric 
theory not justified by experience, which, as in all cases 
where such considerations fight with facts, should be modified 
or rejected. 
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Angular distortions, 88 
Arches, equilibrium of, 162 

— repair of, 163 
Arrangement of cross girders, 21, 
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Bearing pressure on rivets, 47, 51, 
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— effects of, 34 
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— repairs, 107 
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Cold-blast iron, 141 

Cooling stresses in cast iron; 145 

Construction depth, 173 

Corrugated sheeting, 29 

Cost of centre girders, 135 

— of maintenance, 168 
Counterbraoing, 19 
Cracked bedstones, 3 

— columns, 7 

— web plates, 13, 14, 15, 50 
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Decay and painting, 96 
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Diagonal ties, 19, 42 

Distortion due to temperature 

changes, 79, 84 
Distributing girders, 120 
Drainage holes, 25 
" Drop " loads, 89 
Dwarf walls under floors, 26 



Eaelt steel girders, 68 

Economy, 184 
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— of floor on deflection, 88 
on stresses, 23, 80 
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Examples of cast-iron bridges over- 
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— of high stress, 70 
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by centre girders, 131, 134 

Excessive bearing pressure, 51 



Faulty workmanship, 80 
Fixed ends to cross girders, 22, 118 
Flange stresses, 63, 66, 67 
Flanges, side loaded, 9, 73 
Flat bar bracing, 37 



Flexing of girders, 9, 74, 76 
Flexure curves, 138 
Fractured bedstones, 3 

— rails, 30 

— webs, 13, 14, 15, 50 
Fractures in cast iron, 7, 145 



GiBDBB bearings, 2 
Girders on columns, 7 
— on masonry, 8 
Girderwork in masonry, 101 



Headway, 173 
High stress, 61 

— in cast iron, 141 

— in rivets, 47, 52 
Holes for drainage, 25 



Impact, 20, 62 

Inclination of girder ends, 23, 53 
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Initial set, 88 

Interference with traffic, 177 



Jack arches, 29, 101 
Joints in rails, 29, 109 
— in trough floors, 28, 180 
Junction between metallic and 

masonry bridges, 188 
new and old masonry bridges, 
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new and old metallic bridges, 
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Lattice girder stresses, 47-66 
Liberal depth to girders, 23, 89, 184 
Life of bridges, 165 
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Limit of elasticity, 61 
Linen tapes, 172 
Longitudinal floor girders, 23 
Loose rivets, 21, 25, 51, 53, 56, 109 



Main girders, 9-17 
Masonry bridges, 157 

— enduring character of, 161 
Memel timber, 150 
Methods of calculation, 46, 61 

— of observing deflection, 90 

— of setting out deflection curves, 
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Movements of abutments, 158 

— of cast-iron bridge, 82 

— of piers, 42, 83, 159 

— of rollers, 7 

— of wrought-iron bridges, 4, 21, 
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New members to old work, 116 



OiLHTG steelwork, 99 

Old drawings unreliable, 108 

— rivets, 21, 51, 54, 55 
Open webs, 17 
Overhead bracing, 39 

— girders, 118 



Painting, 98 

Parapets, 79 

Permissible stress in old work, 110 

Piers, movements of, 42, 88, 159 

— out of plumb, 159 

PUes, decay of, 102, 150 

Pitch pine, 28 

Plasticity, 61 



Plate webs, 9 
Plated floors, 23, 25, 30 
Pointing masonry, 164 
Proposed rivet stresses, 58 



Quickly applied loads, 89 



Eaib joints, 29, 109 
Bails, breaks in, 30 
Beaction of cross girder with centre 

support, 127 
Bed-lead, 98, 100 
Belative merits of bridges, 169 
Belief by centre girders, 122 
Repainting, 100 
Eepairof bridges, 107, 147, 155, 163 

— of timber piles, 156 
Beplacing flange plates, 110 

— rivets. 111 

Besistance of cast iron to rust, 101 
Biveted connections, 45, 86 
Eivets in cramped positions, 20 

— in cross girder ends, 21, 49, 53, 

54 

— in road bridges, 60 

— in webs of main girders, 46 

— spacing of, 60, 80 

— stresses in, 56 
Booking of piers, 8, 83, 159 
Boiler bearings, 7 
Bubble masonry, 161-164 
Bunning load and deflection, 95 
Busting, instances of, 29, 96 

— of steelwork, 99 

— over sea-water, 98 



Sag in timber bridges, 150 
— of tapes, 172 
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Scour under piers, 161 
Sea piers, 42, 102 
Setting bedstones, 3, 129, 176 
Settlements, 76, 187 
Skew bearings, 4 

— bridges, right and left, 173 
floors, 25 

Skirting plate, 26 
Slope of girder ends, 92 
Softening of cast-iron in sea-water, 

101 
Spacing of rivets, 60, 79 
Spread of abutments, 157 
Spring joints, 23 
Steel trough girders, 68 

— troughing, 70 

Stifiening girders from floor, 12,40 

— to webs, 16, 38, 185 
Stop piers, 158 

Strength of light top booms, 40 
Strengthening of bridges, 107, 122 

— bridge floors, 118 

— cross girders, 123 
Stress in plated floors, 31 
Study of old bridges, 185 



Tall piers,' 42, 159 
Timber bridges, 149 

— floors, 27 

— staging, 177 
Top booms, 18 

Traffic during reconstruction, 177 



Transverse bracing, 34, 117 

Trough floors, 27, 180 

— girders, 50, 74 

T stiffeners, breaks in, 16 

Twin girders, 15, 75 

Twisting of girders, 11, 68, 78 

corrected, 12 

Types of reconstruction, 174 



U-SHAFED booms, 18 
Uncomplicated stress, 62 
Uniform pressure on bearings, 6 



Value of E in deflection formulss, 

87 
Vibration, 162 



Wasted webs, 14, 29, 96 
Water, scour of, 161 
Web buckling, 16 

— plates, cracked, 18, 14, 15, 50 

— rivets, 46, 50 

— stifiening, 16, 38, 185 
Widening masonry bridges, 182 

— metallic bridges, 179 
Wide spaced rivets, 79 
Wind pressure, 41, 43 
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